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ABSTRACT 
Photosynthesis converts solar energy to biochemical energy and thus is the ultimate 
source of energy for life on the Earth. Photosystem I is one of the two light driven reaction 
centers of oxygenic photosynthesis. It functions as the light-driven plastocyanin-ferredoxin 
oxidoreductase in the thylakoid membranes of cyanobacteria and chloroplasts. Photosystem 
I is a pigment-protein complex with 11-14 proteins and several types of organic (e.g. 
chlorophyll o) and inorganic cofactors (e.g. Fe-S cluster). The antenna chlorophyll a 
molecules of photosystem I are involved in energy capture and transfer, charge separation 
and electron transfer. Electrons from the reduced Ao are transferred through a chain of redox 
centers that includes phylloquinones (AO and three [4Fe-4S] clusters Fx, FA and Fb. The 
objectives of this dissertation are: (i) to demonstrate that the spectroscopic and kinetic 
properties of photosystem I co factors are determined by the protein environments, (ii) to 
determine whether the electron transfer in photosystem 1 is unidirectional or bidirectional, 
(iii) to identify which aromatic residues in the helix ten of PsaB are involved in electron 
transfer from plastocyanin to P700. 
P700, accessory chlorophyll and Ao are chemically the same as other chlorophyll a 
molecules, however they have distinct spectroscopic properties. Similarly, phylloquinones 
that function as At have far lower redox potentials than the phylloquinones in solution. To 
understand the importance of protein environments in modulating cofactor properties, we 
generated site-directed mutations in the psaA and psaB genes of the cyanobacterium 
Synechocystis sp. PCC 6803. Mutational analysis showed that the spectroscopic properties of 
P700, accessory chlorophyll, Ao and Ai were altered when the proteins were changed by 
mutations. Therefore, the photosystem I proteins are responsible for the precise arrangement 
of cofactors and determine their spectroscopic properties. Change of the protein environment 
alters the spectroscopic properties of the electron transfer cofactors, leading to changes in the 
function of photosystem I and consequently physiology of the cells. There exist two 
branches for the electron transfer chains in photosystem I; it is not clear that both function or 
vi 
only one functions. To address this question, equivalent pairs of mutations were generated 
and characterized. Optical kinetics results indicate that the structural changes in both 
branches influence electron transfer rates. However, transient electron paramagnetic 
resonance spectroscopy, which cannot detect kinetic events at less than 50 ns time scale 
could only detect changes when the PsaA protein was altered. These results revealed the 
functional importance of two branches of electron transfer. The helix ten of PsaB subunit 
contains several aromatic residues in the region between P700 and the luminal side of 
thylakoid membrane. Cysteine-scanning mutagenesis of these residues indicated that many 
of these residues are critical in structural integrity of photosystem I and a phenylalanyl 
residue at position 647 could be involved in electron transfer from plastocyanin to P700. 
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CHAPTER 1. GENERAL INTRODUCTION 
/. PHOTOSYNTHESIS 
Photosynthesis provides the primary source of food and oxygen to human being. In 
the photosynthetic process, plants or 
cyanobacteria sequester light energy 
and use it to make high-energy 
chemical bonds. This process could 
be divided into two types of 
coordinated reactions—light 
reactions and dark reactions. In the 
light reactions, light energy is 
harnessed to synthesize ATP and 
NADPH, which are used in the dark 
(light-independent) reactions to drive 
the synthesis of carbohydrates from 
CO2 and H2O. During the light reactions, four membrane-protein complexes, photosystem II 
(PS II), Cytochrome be/f photosystem I (PS I) and ATP synthase function in a coordinated 
way to drive photosynthetic electron transport (Figure 1). PS lis a protein-pigment complex 
that mediates the light-driven electron transfer from plastocyanin on the luminal side to 
ferredoxin on the stromal side of cyanobacteria. The PS I complex of cyanobacteria contains 
twelve subunits (PsaA, B, C, D, E, F, I, J, K, L, M and X), 96 chlorophyll a (Chi a) 
molecules, 22 ^-carotenes, two phylloquinones and three [4Fe-4S] clusters (Patrick Jordan, 
2001). PsaA and PsaB are the core subunits that harbor the most antenna Chi a molecules 
and the primary electron donor P700, a dimer of Chi a molecules, and a chain of electron 
acceptors Ao (a Chi a molecule), Ai (a phylloquinone) and Fx (a [4Fe-4S] cluster). The 
peripheral subunit PsaC binds the terminal electron acceptors FA and FB, two [4Fe-4S] 
clusters. The electron transfer pathway in PS I begins with the reaction center P700, which 
receives the excitation energy from a photon of light and forms the excited state, P700*, 
leading to a charge separation. Subsequently, An electron from the excited state P700* is 
PSIy 
wOr O^H 
Figure 1. Photosynthesis 
(Dr.Win Vezmaas) 
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transferred to Ao, and then to Ai, and from there the electron is transferred to a series of [4Fe-
4S] clusters. Ultimately, the electron is used to reduce ferredoxin. The electron lost by P700 
is gained by plastocyanin from the luminal side. 
II. SUBUNITS AND FUNCTION OF PHOTOSYSTEM I COMPLEX 
The 2.5 Â crystal structure of cyanobacterial PS 
I contains twelve subunits. Nine out of twelve are 
transmembrane subunits, which are PsaA, PsaB, PsaF, 
Psal, PsaJ, PsaK, PsaL, PsaM and PsaX (Patrick 
Jordan, 2001). The remaining three, PsaC, PsaD and 
PsaE, are peripheral subunits (Figure 2. PsaX is not 
shown). These twelve subunits interact with each other 
to form the complete PS I complex. Deletion of many 
of these subunits causes PS I complex to become unstable (Chitnis et al., 1989; Chitnis and 
Chitnis, 1993; Chitnis et al., 1993; Xu et al., 1995). The major functions of these subunits 
are to (i) interact with other proteins on the stromal or luminal sides, (ii) bind electron or 
energy transfer cofactors and provide specific environments for each co factor. The overall 
function of PS I complex is to receive an electron from plastocyanin on the luminal side and 
then donate an electron to ferredoxin in the stromal side. The midpoint redox potential of 
ferredoxin is approximate 800 mv lower 
than that of plastocyanin, so the electron 
transfer from plastocyanin to ferredoxin is 
not favored. Therefore, coupled energy 
and electron transfer pathways are 
required. Without the energy transfer, the 
electron transfer would not be able to 
complete. Without the electron transfer, 
the energy transfer is blocked. To solve 
this problem, plants or cyanobacteria have 
developed a reaction center P700 in 
photosystem I. A unique property of P700 is charge separation, which is the connection 
Figure 2. Photosystem I 
(Dr. Parag R. Chitnis) 
En(mV) 
PsaA-PsuB) 
V" 
Figure 3. Eletron Transfer in 
Photosystem I 
(Dr. Parag R. Chitnis) 
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point of energy and electron transfer. The proposed energy transfer pathway includes the 
following steps: (i) one of the 90 antenna Chi a molecules absorbs light energy and reaches 
an excited state, (ii) the excited Chi a molecule transfers energy other antenna molecules 
until the exciton reaches the "red" Chi a molecules, which have their maximum absorption is 
longer than 700 nm (thus called "red"), (iii) The energy from "red" Chi a molecules is 
trapped in P700, leading to the excited state P700*. Charge separation at this point involves 
donation of an electron from P700* to Ao (thus forming Ao" and P700T). After receiving an 
electron from plastocyanin, P700"r goes back to the ground state P700. If there is damage to 
electron transfer in PS I, P700* or P700T would accumulate, resulting in blockage of the 
efficient energy transfer. The energy transfer decreases midpoint redox potential of P700 
reaction center from 400 mv of P700 to -1,400 mv of P700* (Figure 3). Therefore, the 
energy and electron transfer function together to drive an electron from plastocyanin to 
ferredoxin. 
III. PsaA and PsaB SUBUNITS 
1. General Introduction 
PsaA and PsaB are the largest two subunits in PS I complex. PsaA of Synechocystis 
sp. PCC6803 with 751 
amino acids is slightly 
longer than PsaB, 
which has 731 amino 
acids. PsaA and PsaB 
of other cyanobacteria, 
algae and plants have 
similar sizes. PsaA and 
PsaB form the core of 
the PS I complex. 
Deletion of either PsaA 
or PsaB destroys the 
whole PS I complex in the thylakoid membranes (Shen et al., 1993; Sun et al., 1999). PsaA 
4 
and PsaB have similar transmembrane topology, each containing eleven transmembrane a-
helices and twelve extramembrane loops (Figure 4). The major function of the N-terminal 
six transmembrane a-helices is to bind antenna Chi a molecules whereas the last five 
transmembrane a-helices coordinate the electron transfer cofactors. Extramembrane loops 
also provide ligands for binding antenna Chi a molecules. In addition, some loops interact 
with the small subunits to form PS I complex and provide binding sites for plastocyanin. 
2. Background 
The research on photosynthesis combines multiple disciplines of physiology, 
genetics, biochemistry, chemistry and biophysics. In the eighteenth and nineteenth century, 
scientists showed that the products of the photosynthesis are 0? and carbohydrates (Allen, 
1995). Later, the photosynthetic process was divided into two types of reactions: light 
reactions and dark reactions. In the light reactions, four complexes have been identified. 
Several achievements in the resolution-reconstitution biochemistry have led to the 
characterization of the composition and functional characterization of PS I. The chemical 
composition of cofactors in PS I was determined by solvent extraction and followed by high-
pressure liquid chromatography (HPLC). Isolation the PS I complexes from various sources, 
identification of their subunit composition and characterization of their functions occupied 
the PS I research in the eighties. On the molecular biology front, advances were made on 
genetic cloning of several photosynthetic genes, such as psaA and psaB genes (Bryant. 1994: 
Cantrell and Bryant, 1987). In late eighties and early nineties, the functions of various PS 1 
subunits were studied through generation of subunit-deficient mutant strains of cyanobacteria 
and green algae (Chitnis et al., 1991; Chitnis et al., 1989; Xu et al., 1995; Xu et al., 1994a; 
Xu et al., 1994b; Xu et al., 1994c). One of the most exciting and significant advance in the 
research on PS I is elucidation of its structure. In 1993, structural information at 6 À 
resolution revealed approximate arrangement of helices and electron transfer centers (KrauB 
et al., 1993). Four years later, 4 Â resolution structure was released; all helices were clearly 
known and some of the cofactors were identified in this structure (Fromme, 1997). In June 
2001, the 2.5 Â structure has been published (Patrick Jordan. 2001). All the residues and 
cofactors and their interactions could be seen at this resolution. In the light of this structure. 
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Evolution of Photosynthesis 
PlanLCell— . 
mmmm 
Endosymbiosis 
Cyanobacteria 
Oxygenic 
Photosynthesis 
mechanistic questions regarding structure-function relations in PS I can now been answered 
using a powerful combination of biochemistry, biophysics, and molecular genetics (Brettel, 
1997; Savikhin et al., 2000). 
3. Two Electron Transfer Chains in Photosystem I 
Photosynthesis is the conversion of solar energy into chemical energy by 
photosynthetic organisms, 
which include plants, algae, 
and certain bacteria. For 
photosynthetic organisms, 
the eukaryotes include 
plants and algae while the 
p roka ryo te s  i nc lude  
cyanobacteira, purple 
bacteria, heliobacteria, green 
nonsulfur bacteria and green 
sulfur bacteria. Based on 
oxygen  l i be ra t i ng ,  
photosynthetic systems are 
classified into oxygenic 
photosynthesis which refers 
to cyanobacteria, algae and 
g reen  p l an t s ,  and  
anoxygenic photosynthesis 
which refers to purple 
bacteria, green nonsulfur 
bacteria, heliobacteria and green sulfur bacteria. There are two types of photosynthetic 
reaction center proteins, one with eleven transmembrane helices (type I), the other with 
five/six transmembrane helices (type II). Heliobacteria and green sulfur bacteria contain 
only type I reaction center, purple bacteria and green nonsulfur bacteria contain only type II 
reaction center, whereas algae, cyanobacteria, and green plants contain both type I and type 
Purple/Green Nonsulfuc. 
Heterdimeii 
Fusion 
Anoxygenic 
Photosynthes 
Green Sulfur/Helio 
Bacteria 
Fusion 
Homodimer 
Break 
Figure 5. Evolution of Reaction Center Type I 
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II reaction centers. The general accepted evolutionary occurrence of the recent oxygenic 
photosynthesis in cyanobacteria and chloroplasts is a fusion of two bacterial ancestors 
(Blankenship, 1992; Butiner et al., 1992). This fusion event took place between two types of 
bacteria, one with type I reaction center and the other with type II reaction center. 
Cyanobacteria took advantage of the fusion to link two types of reaction centers to evolve a 
coordinated function of photosystem I and II. In the later evolutionary process, higher plants 
uptake one cyanobacterium and develop it to the chloroplast (Figure 5). The heterodimer 
with eleven a helices of type I proteins are called PsaA and PsaB subunits in cyanobacteria. 
green algae, and higher plants. The heterodimer with five a helices of type II proteins are 
called Dl and D2 subunits whereas the six a helices proteins are called CP47 and CP43 in 
cyanobacteria, green algae, and higher plants. 
The electron cofactors in two types of reaction centers are very similar. Both types of 
reaction centers contain a primary 
electron donor (a dimer of Chi), two 
primary electron acceptors, secondary 
electron acceptors and terminal 
electron acceptors. There are two Chi 
molecules between primary electron 
donor and acceptors in each type of 
reaction centers. The major difference 
between these two types of reaction 
centers is the terminal electron 
acceptor. In type I reaction centers, 
the terminal electron acceptor is Fe^S^ 
cluster whereas type II reaction centers utilize quinones as terminal electron acceptors 
(Figure 6). 
4. Unidirectional or Bidirectional Electron Transfer in Photosystem I 
The question of directionality of electron transfer in PS I arises from the two 
symmetrical electron transfer branches between the P700 and Fx (Figure 6. A.). There are 
A. Type I RCs 
S:#* " 
<-<•0 
3:3- * 
*V <*'•» 
B. Type II RCs 
PMC 
Figure 6. Organization of Cofactors in 
Type I and II Reaction Centers 
(Dr. Norbert KrauB, JMB, 1998) 
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two Chi a molecules designated as Ao and two phylloquinones molecules designated as At. 
These symmetrical molecules are bound to PsaA and PsaB subunits (hereafter called the A-
branch and the B-branch of electron transfer chain). Type II reaction centers also contain a 
similar arrangement (Figure 6. B.) (Schubert et al., 1998). The two types of reaction centers 
could be assumed to evolve from one ancestor. The question here is whether both branches 
are active or only one branch is active. 
The question whether one or both branches in PS I are active has been controversial 
in the literature. The evidence supporting one active branch is derived from the following 
observations, (i) In the 2.5 Â structure information of PS I, there are H-bonds between the 
P700 and the side chains of transmembrane a-helices A-i and A-k (direct H-bonds or 
mediated by a water molecule), while in B-branch, no such H-bonds exist (Patrick Jordan. 2001). 
This asymmetric environment for the primary electron donor, P700, may influence the 
electron spin density and cause the charge separation to favor one particular direction. The 
environment, relative distance and orientation for other cofactors, Ao and Ai are not exactly 
the same for both branches. Therefore, such asymmetric arrangement of electron transfer 
cofactors could result in unbalanced electron transfers between the two branches, (ii) In 
electron paramagnetic resonance measurement of At, only one phylloquinone has been 
detected in transient EPR experiments (personal communication with Dr. Stehlik). (iii) In 
vitro resolution and reconstitution experiments have shown that one of two phylloquinone 
molecules in PS I complex can function as At (Biggins and Svejkovsky, 1980; Brettel et al.. 1986; 
Ikegami and [toh, 1987; Itoh and [waki, 1989; Itoh et al., 1987; Malkin, 1986). One phylloquinone can be 
readily extracted from PS I by dry organic solvent while extraction of the second 
phylloquinone requires a more hydrophilic solvent. Removing of the first phylloquinone 
does not significantly affect PS I activity whereas removing both phylloquinones causes 
almost complete loss of PS I activity (Malkin, 1986). (iv) Analysis on PsaE and PsaF deficient 
mutant suggested that electron transfer in photosystem I is unidirectional (Yang et al., 1998). 
(v) Only one branch is active in the type II reaction centers (Heller et al., 1995). Considering 
conservation of function in these two types of reaction centers, one could extrapolate that 
only one branch would be active in the type I reaction centers as well. Contradicting these 
observations and arguments, there are also evidences for both branches being active, (i) One 
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could argue that if one branch is active, what is the function of the second branch, it seems 
unnecessary, (ii) the evidence from light-induced Fourier transform infrared (FTIR) 
experiment, two reduced phylloquinones could be detected (Hastings G, 2001). (iii) When A[ 
absorption spectrum (the oxidation of the Af ) and reduction of [4Fe-4S] clusters (Fx,F a, and 
Fg) were monitored by an absorption increase at 377 nm and two absorption decreases 
around 480 and 515 nm, respectively, a bi-phasic reoxidation of Afof about equal amplitude 
with half times of ~18 ns and -160 ns is observed. All these evidences suggest that two 
active branches exist in PS I (Joiiot and Joliot. 1999). 
Most evidences on one- or two-branch hypotheses are from the study on At. In order 
to further determine which branch is active, study on Ao, accessory Chls or P700 is important 
too. The results from P700, Ao and At could be compared each other and summarized, from 
which a final conclusion could obtain. 
IV. ORGANIZATION OF THE DISSERTATION 
The dissertation includes five manuscripts. It starts with chapter one "General 
Introduction", which introduces two large subunits PsaA and PsaB and two electron transfer 
chains in PS I. The chapter two, which covers the information on other small subunits PsaC, 
PsaD, PsaE, PsaF, Psal, PsaJ, PsaL, PsaK and PsaM in PS I, is a minireview will be 
published in Biochimica. et Biophysica. Acta (W. Xu. 2001). A PS I complex contains several 
electron transfer cofactors: P700, accessory Chls, Ao, At, and three iron-sulfur clusters FA, Fg 
and Fx. P700, accessory Chls, and Ao are chemically the same, however, they have distinct 
spectroscopic and kinetic properties, which could be determined by specific interaction 
between those cofactors and amino acid residues. Chapter three demonstrates that P700 
property is determined by specific interaction between P700 and surrounding residues. 
Chapter four reports the mutagenesis studies on the role of every residue in phylloquinone 
binding site of PsaB. Chapter five has similar conclusion on Ao, which property is 
determined by an H-bond between the Chi a molecule and a nearby residue. Chapter six 
focuses on study of two electron transfer chains in PS I through four site-directed mutants, 
two mutations on PsaA side, the equivalent two on PsaB side. Chapter seven is to identify 
the aromatic residues in the role of electron transfer from plastocyanin to P700. 
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In addition, abstracts of several other studies are included as appendices in the 
dissertation. Appendix A is a paper published in Journal of Biological Chemistry, 274, 
19048-19054, 1999, which studied the interaction between plastocyanin and PsaB subunit. 
Appendix B is a paper published in Biophysical Journal, 76, 2711-2715, 1999, which is 
about spectroscopic study on PS I subunit deficient mutants. Appendix C is a paper 
published in Biophysical Journal, 76,3278-3288, 1999, which is a global study on wild type 
PS I complex. Appendix D is a paper published in Biophysical Journal, 79, 1573-1586, 
2000, which is a kinetics study on electron transfer from P700 to Ao and At. Appendix E is a 
paper published in Biochemistry, 40, 9282-9290, 2001, which is study of the primary charge 
separation through open-close reaction centers. Appendix F includes several tables listing 
mutations in PsaA and PsaB subunits and excel file summarizing physiological, biochemical 
and biophysical characterization on those mutants. 
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CHAPTER 2. PROTEINS OF THE CYANOBACTERIAL 
PHOTOSYSTEM I1 
A paper published in the Biochimica et Biophysica Acta2 
Wu Xu, Huadong Tang, Yingchun Wang and Parag R. Chitnis"1 
Abstract 
Cyanobacterial photosystem I is remarkably similar to its counterpart in the 
chloroplast of plants and algae. Therefore, it has served as a prototype for the type I reaction 
centers of photosynthesis. Cyanobacterial PS I contains 11-12 proteins. Some of the 
cyanobacterial proteins are modified post-translationally. Reverse genetics has been used to 
generate subunit-deficient cyanobacterial mutants, phenotypes of which have revealed the 
functions of the missing proteins. The cyanobacterial photosystem I proteins bind cofactors. 
provide docking sites for electron transfer proteins, participate in tertiary and quaternary 
organization of the complex and protect the electron transfer centers. Many of these mutants 
are now being used in sophisticated structure-function analyses. Yet. the roles of some 
proteins of the cyanobacterial photosystem I are unknown. It is necessary to examine 
functions of these proteins on a global scale of cell physiology, biogenesis and evolution. 
Key words: Cyanobacteria, mutants, post-translational modifications, structure-function 
studies 
1. Introduction 
Cyanobacterial photosystem I (PS I) mediates the light-induced electron transfer from 
plastocyanin on the luminal side to ferredoxin on the cytoplasmic side of thylakoids [1]. 
The PS I complexes of cyanobacteria, algae and plants are remarkably similar. Their 
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supported by the Hatch Act and State of Iowa funds. This is Journal Paper No. J-XXXX of the Iowa Agriculture 
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chitnis® iastate.edu 
14 
reaction mechanisms are highly conserved [2] and so are the primary sequences of PS I 
proteins [3]. Although the three-dimensional structure of plant PSI is not known, it is 
expected to be similar to the cyanobacterial PSI complexes. When studied by electron 
microscopy of two-dimensional crystals formed at the grana margins of thylakoid 
membranes, higher plant PS I complexes show several structural similarities to the 
cyanobacterial PSI complex, with a prominent ridge on the stromal side of the complex [4], 
Despite the remarkable conservation, there are some differences between the 
cyanobacterial and chloroplast PS I complexes. First, the higher order organization of the 
PS I complexes is different in cyanobacteria and chloroplasts. The plant and algal PSI 
complexes associate with membrane-bound light-harvesting complexes (LHC I) and can be 
isolated as core complexes or holocomplexes (the PS I complex along with LHC I). 
Cyanobacteria do not contain membrane-bound LHC I complexes. Second, chloroplast and 
cyanobacterial PS I complexes have differences in their subunit composition regarding 
some accessory proteins. Eukaryotic PS I contains three additional proteins. PsaG is an 
integral membrane protein with two transmembrane regions [5]. Its primary sequence 
shows homology to that of PsaK [5], which is found in both cyanobacteria and 
chloroplasts. PsaH and PsaN are peripheral proteins on the stromal and luminal side of PS 
I, respectively [6]. In contrast, the presence of PsaM, a 3kDa hydrophobic protein, has been 
demonstrated only in cyanobacterial PS I complexes. Lastly, the plant PS I complexes are 
segregated from PS II complexes in the thylakoid membranes of chloroplasts. PS I is 
located mainly in the unstacked stroma lamellae, where contact with the stroma provides 
easy access to ferredoxin and NADP1". PS II is located almost exclusively in the closely 
stacked grana, whereas cytochrome b<f complex is distributed uniformly throughout the 
membrane [7], In contrast, PS I complexes in some cyanobacteria (e.g. Synechococcus sp. 
PCC 7942) is distributed in a radial asymmetric fashion, with higher concentration in the 
outermost thylakoids of a cyanobacterial cell [8]. However, this is not universally true for 
cyanobacteria; Synechocystis sp. PCC 6803, for example, does not show radial asymmetry 
[8], 
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Cyanobacteria provide many advantages in PSI studies. The absence of membrane-
bound light-harvesting complexes and the presence of trimeric quaternary organization of 
PSI allow rapid purification of PSI complexes that can be used in sophisticated 
spectroscopic investigations. The genome of Synechocystis sp. PCC 6803 is the first 
completely sequenced genome of a photosynthetic organism. Since then, genomes of 
additional cyanobacterial species are being sequenced. This information and the availability 
of reverse genetic system have allowed manipulation of cyanobacterial genes for 
photosystem I proteins and for biosynthesis of photosystem I cofactors. 
The PS I complex of cyanobacteria contains 11-12 subunits (Table 1), 96 chlorophyll 
a molecules, 22 (3-carotenes, two phylloquinones, four lipids and three [4Fe-4S] clusters 
[9]. PsaA and PsaB harbor the primary electron donor P700 (a dimer of chlorophyll a 
molecules) and a chain of electron acceptors: Ao (chlorophyll a), Ai (phylloquinone) and 
Fx (a [4Fe-4S] cluster). The peripheral PsaC subunit binds the terminal electron acceptors 
Fa and Fb, two [4Fe-4S] clusters. PsaA/B and the other small integral subunits bind 
antenna chlorophyll a molecules. In this issue, many articles discuss functions of the core 
proteins (PsaA and PsaB) and of the PsaC subunit in coordinating the redox centers of PS I. 
Therefore, this article will focus on the other peripheral and integral subunits of the 
cyanobacterial PS I. 
2. Peripheral Subunits of PSI 
2.1. PsaD 
The gene encoding the PsaD subunit (subunit II) of PSI from Synechocystis sp. PCC 
6803 was the first cyanobacterial PSI gene that was inactivated by targeted mutagenesis 
[10]. The PsaD subunit is a conserved peripheral protein on the reducing side of PS I. PsaD 
has two major functions. First, it enables the stability and proper assembly of PS I. In the 
PsaD-deficient ADC4 mutant, PsaC and Fa/Fb cluster are lost more readily after treatment 
with Triton X-100 or with a chaotropic agent [11]. PsaD interacts with the PSI core, PsaC, 
PsaE, and PsaL. The site-directed mutagenesis study indicated that the basic residues in the 
basic domain of PsaD are crucial in the assembly of PsaD. The mutations in this domain 
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disturb the interaction between PsaD and PsaL, thereby causing abnormal assembly of 
PsaL [12]. The PsaD-deficient mutant has reduced trimers due to the loss of the interaction 
between PsaD and PsaL. These interactions are critical in the protective role of PsaD. 
Second, PsaD provides a ferredoxin docking site [13,14]. The ferredoxin-mediated NADP1" 
photoreduction is severely inhibited in the membrane of PsaD deficient mutant [14]. The 
first order reduction of ferredoxin can not be observed in PsaD-deficient mutant [15]. In 
general, PsaD is a basic protein and thus able to interact with acidic ferredoxin through 
electrostatic interactions [13]. The dissociation constant for the complex between the PsaD-
less PS I and ferredoxin at pH 8 is increased 25 times as compared to the wild type. 
However, the presence of fast kinetic components in the electron transfer from the mutant 
PS I to ferredoxin indicates that the relative positions of ferredoxin and of the terminal PS I 
acceptor are not significantly disturbed by the absence of PsaD. The second-order rate 
constant of ferredoxin reduction is lowered 10-fold for PsaD-less PS I. Assuming a simple 
binding equilibrium between PS I and ferredoxin. PsaD appears to be important for the 
guiding of ferredoxin to its binding site (main effect on the association rate)[16]. 
Cross-linking study showed that K106 of PsaD from Synechocystis sp. PCC 6803 can 
be cross-linked to E93 in ferredoxin [13]. Site-directed mutagenesis study revealed that 
K106 residue of PsaD from Synechocystis sp. PCC 6803 is a dispensable site for ferredoxin 
docking [11]. Various mutations of H97 showed that the histidyl residue is involved in the 
increased affinity of PS I for ferredoxin when pH is lowered. This histidyl residue could be 
central in regulating in vivo the rate of ferredoxin reduction as a precise sensor of local 
proton concentration [15]. Since single site-directed mutations in the basic residues of PsaD 
do not alter electron transfer drastically [11,15], it is possible that the interaction between 
PsaD and ferredoxin contains several alternative components or an overall electrostatic 
field may be more important than specific interactions between charged residues. 
The availability of overproduced PsaD has allowed studies of the structure of the 
free, unassembled protein and of the assembly of PsaD into the PS I complex. When the 
assembly of overproduced PsaD was studied using microcalorimetry, thermodynamic 
parameters associated with the assembly of this protein into PS I could be determined [17]. 
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Circular dichroism spectroscopy revealed that Synechocystis PsaD contains a small 
proportion of alpha-helical conformation in its soluble form. Size-exclusion 
chromatography, dynamic light scattering and measurement of l5N transverse relaxation 
times show that the unassembled PsaD protein of Nostoc sp. is a stable dimer in solution, 
whereas there is only one copy of PsaD per reaction center [18]. NMR experiments showed 
that the dimer is symmetrical and that each PsaD monomer contains a central structured 
region and unstructured C and N-termini [18]. Therefore, assembly of PsaD into the PS I 
complex confers structural rigidity to the protein through extensive interprotein interactions 
with the PsaA, PsaB, PsaL, PsaM, and PsaC proteins. Because of the high proportion of 
unstructured regions in PsaD, the attempts to determine its solution structure have proved 
futile. 
22. PsaE 
Cyanobacterial PsaE is a slightly basic, water-soluble protein that contains 69-75 
residues. NMR structures of PsaE from two cyanobacterial species are known. 
Synechocystis sp. PCC7002 showed that PsaE is composed of an antiparallel five-stranded 
p-sheet. There is no helical region except for a single turn of 3,o helix between two P-
strands [19, 20]. NMR spectroscopy was used to determine the solution structure of PsaE 
from Nostoc sp. strain PCC 8009 [21] and Synechococcus sp. strain PCC 7002. The PsaE 
protein adopts the beta topology of an SH3 domain, with five beta strands and a turn of 3jo 
helix. Differences between these two cyanobacterial PsaE proteins are mostly confined to 
the CD loop region, which varies in length and sequence among PsaE from different 
organisms. The structures of the soluble PsaE and of the PsaE in PSI complex are not 
significantly different. 
Three different roles of PsaE have been reported in the literatures so far. First, The 
turnover of PS I was increased in the PsaE-deficient mutant from Synechocystis sp. PCC 
6803 [22]. Therefore, PsaE is important for the stable assembly of PS I. Second, PsaE 
facilitates the interaction between ferredoxin and PS I. The PsaE-deficient mutant had 
much reduced activity of ferredoxin reduction [14]. Site-directed mutagenesis of R9 to 
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glutamine in PsaE from Synechocystis sp. PCC 6803 severely affected the activity of 
ferredoxin reduction, indicating that this residue is involved in the interaction with 
ferredoxin [23]. It has been proposed that R39 controlled the electrostatic interaction with 
ferredoxin [24]. Third, PsaE may be required for the electron transfer around PS I [25]. The 
PsaE-deficient mutant from Synechocystis sp. PCC 7002 grows much more slowly than the 
wild type strain at low light intensities [26]. This mutant is also unable to grow under 
stringent photoheterotrophic conditions (with glucose and DCMU in light). This phenotype 
suggested that PsaE might affect the cyclic electron transfer around PS I. When methyl 
viologen was added as an inhibitor of cyclic electron flow, the P7001" reduction rates for the 
wild type and the PsaE-deficient mutant were similar [25]. Slower P700T reduction in the 
mutant is found in the presence of DCMU and adding CN* in the presence of DCMU 
increased the rate of P700+ reduction in the mutant, but remained slower than in the wild 
type. These observations show that the cyclic electron transfer pathway depends on the 
presence of PsaE in PS I. The PsaE-deficient mutant of Synechocystis sp. PCC 6803 growth 
also shows similar, but less severe phenotype. 
3. Integral Membrane Subunits 
3.1. PsaF 
The psaF gene in Synechocystis sp. PCC 6803 encodes a mature protein of 15705 Da 
that is synthesized with a 23 amino acid extension [27]. PsaF is an integral membrane 
protein with substantial N-terminal domain exposed on the luminal side of PS I. PsaF and 
PsaJ interact with each other [28]. Several chlorophyll a molecules are located in the PsaF-
PsaJ region indicating that PsaF binds chlorophyll a molecules. PsaF was isolated as a 
chlorophyll-binding protein [29]. Electron spectrum studies suggested that the subunits 
PsaF/J/I bind about five chlorophyll a molecules of PSI antenna [30]. These results are 
consistent with the recent structural studies [9]. The PsaF-deficient strain of Synechocystis 
sp. PCC6803 does not exhibit any defect in the photoautotrophic growth, cytochrome c6 
dependent NADP+ photoreduction activity or P700+ rereduction kinetics [14, 27,31, 32]. 
Also, the removal of PsaF from PS I complex of Synechocystis elongatus had no effect on 
electron transfer from cytochrome eg to P700 [33]. In contrast, PsaF was proposed to 
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function as the plastocyanin or cytochrome docking site on the oxidizing side of PS I in 
eukaryotic cells based on biochemical depletion and chemical cross-linking experiments 
[34-36]. Inactivation of the psaF gene from Chlamydomonas reinhardtii resulted a mutant 
that still assembles functional PS I complex and is capable of photoautotrophic growth. 
However, the electron transfer from plastocyanin to P700+ is dramatically reduced in the 
mutant, thereby providing the evidence that PsaF plays an important role in docking 
plastocyanin to PS I in chloroplasts [37, 38]. This controversial function of PsaF between 
plants and cyanobacteria was addressed by the peculiarities of molecular recognition 
between plastocyanin and PsaF [31]. Two conserved negative patches in plant plastocyanin 
were cross-linked with lysine residues in the N-terminal domain of PsaF in plants. The 
lysine rich region is absent in cyanobacteria. Adding this lysine rich region, first 83 amino 
acids from Chlamydomonas reinhardtii to PsaF of Synechocystis elongatus resulted in an 
increased rate of P70(T reduction due to the interaction between this lysine rich region and 
plastocyanin [39]. More recent study indicated that the lysine-rich region is sufficient for 
the binding of the donor proteins, but not for the electron transfer within the intermolecular 
complex [40]. The functions of plant PsaF and cyanobacterial PsaF are different, indicating 
that selection pressure led to evolution of plastocyanin and plant PsaF toward fast electron 
transfer. 
3.2. Psal 
This is one of the 3-4 very small proteins in the cyanobacterial PSI complexes that 
contain only one transmembrane helix and very small extramembraneous region. The 
deduced amino acid sequences of Psal from plants and cyanobacteria share high degree of 
conservation [41]. Analysis of the Psal-deficient mutant showed that the growth rate of the 
mutant was identical to that of wild type under low or high intensity of white light but 
slower than wild type in green light [42]. The Psal-deficient mutant Synechocystis sp. PCC 
6803 revealed the role of Psal in normal organization of the PsaL subunit of PS I [41]. The 
absence of Psal results in a complete loss of PsaL from the PS I complex upon detergent 
extraction. PsaL in the membranes of the wild type and the Psal-deficient mutant showed 
equal resistance to removal by chaotropic extraction, but exhibited an increased 
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susceptibility to proteolysis in the mutant strain [41]. Therefore, a structural interaction 
between PsaL and Psal may stabilize association of PsaL with the PS I core. 
3 J. PsaJ 
PsaJ is a 4.4 kDa hydrophobic subunit, which has been identified in PS 1 preparations 
from cyanobacteria and higher plants [28, 43]. Analysis of PsaJ-deficient mutant in 
Synechocystis sp. PCC 6803 showed that PsaJ is not required for the electron transfer in PS 
I, but may interact with both PsaE and PsaF [28]. These interactions may maintain the 
stable PS I structure. PsaJ in Chlamydomonas reinhardtii was found to maintain PsaF in a 
proper orientation, which allowed fast electron transfer from soluble donor proteins to 
P700+ [44]. 
3.4. PsaK 
PsaK is an integral membrane protein in PSI complex. The complete sequence of 
Synechocystis sp. PCC 6803 genome reveals the presence of two unlinked psaK genes [45]. 
The orf ssr0390 encodes an 86-amino acid subunit which has been identified PsaKl in the 
PSI complex, whereas the orf ssr0629 encodes a protein with 126 amino acids which was 
recently shown to be present in substoichiometric amounts in the PSI complexes [46]. The 
C-terminus is suggested to be embedded inside the PS I complex and is important for the 
assembly of PsaKl into the PS I complex [47]. The role of PsaK in PS I has been studied 
by using the PsaK-deficient mutants. Characterization of PsaKl and PsaK2 deficient 
mutants did not show any significant defect in the function of PS I [46, 48]. PsaKl or 
PsaK2 binds one chlorophyll a molecules from total eight-nine in PS I [30]. 
3.5. PsaL 
Comparison of deduced primary sequences indicates that the PsaL subunits contain a 
greater diversity than seen in other subunits [3]. Function of PsaL in the formation of PS I 
timers was revealed by the inactivation of the psaL gene in Synechocystis sp. PCC 6803 
[49]. The requirement of PsaL for the timer formation was later confirmed in a PsaL-
deficient mutant from Synechococcus sp. PCC 7002 [42]. Recent study showed that the C-
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terminus of PsaL is embedded inside the monomeric PS I complex and is involved in trimer 
formation [47]. Another role of PsaL is in binding to some antenna chlorophyll a molecules 
[9,30]. 
3.6. PsaM 
PsaM is a very small subunit of about 29 amino acids, which is detected only in 
cyanobacterial PS I [50]. It contains a hydrophobic domain flanked by hydrophilic termini 
[51]. The PsaM-deficient mutant Synechocystis sp. PCC 6803 has similar phenotype to 
wild type. The other subunits PsaA/B, PsaC, PsaD, PsaE, PsaF, PsaL, Psal, PsaJ and PsaK 
are present in the membranes and PS I of the PsaM-deficient mutant. This mutant has less 
trimers than wild type, it suggests that PsaM could function in stabilizing the trimers [46]. 
The PSI complexes of the PsaM-less mutants are deficient in five antenna chlorophyll a 
molecules from total eight-nine in the PSI complex [30]. 
3.7. PsaU or PsaX 
This is a small peptide in PSI with one transmembrane helix. This protein has been 
detected in the crystal structure of PSI complexes from Synechococcus elongatus and is 
referred to as PsaU or PsaX [9], A homologous protein is not detected in other PSI 
complexes or a gene encoding a highly homologous protein is not found in the genome of 
Synechocystis sp. PCC 6803. 
4. Post-translational modifications of PS I proteins 
Post-translational modifications provide an efficient and rapid means to regulate 
protein function. Phosphorylation and its brilliant use in enzyme regulation have been 
documented extensively. There are additional ways by which proteins are modified in a cell 
[52]. The application of a wide range of biochemical studies has identified several post-
translational modifications on the DI and D2 proteins of PS H. These include N- and C-
terminal proteolytic processing [53], acetylation [53], lipid attachment and acylation [54], 
and phosphorylation [53,55,56]. Recently, high-resolution electrospray mass spectrometry 
was used to identify and document modifications in many PS II proteins [57-59]. Many of 
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these covalent alterations could be associated with the biosynthesis, assembly or 
degradation of PS II. Post-translational modifications have not been studied in PS I, but 
there are many reports of heterogeneity in PS I proteins. Five PS I proteins show 
polymorphism in an amphidiploid species Nicotiana tabacum [60]. The PsaD, PsaF, PsaH, 
and PsaL proteins have two isoforms each that are distinguished by different mobility in 
polyacrylamide gel electrophoresis, and PsaE has four iso forms. Two electrophoretically 
distinct isoforms of the PsaD protein of PS I are found in tomato, A. thaliana, and corn, and 
two isoforms of the PsaE subunit have been detected in tomato, A. thaliana, and red bean 
[60]. In most of these cases, it is not known if the isoforms are derived from different genes 
or result from post-translational modifications. In Synechocystis sp. PCC 6803, several 
isoforms of PsaC, PsaD, and PsaE can be observed upon 2-dimensional electrophoresis of 
the proteins of thylakoid membranes [61-63], The presence of these isoforms is 
demonstrated in purified PSI complexes (Fig. 2-1). Synechocystis sp. PCC 6803 contains 
only one copy of each of these genes. Therefore, the isoforms that differ in pi must result 
from the modifications of proteins that neutralize existing charged residues or generate 
charged side chains in the proteins. Partial modifications of the amino and carboxyl termini 
could also cause isoforms. The differential modifications of the PSI proteins could have 
many functional and physiological roles. For example, the modifications may be involved 
in the biogenesis of these proteins. Alternatively, the modifications could regulate the 
function of PSI by modulating its interaction with soluble and membrane-bound 
components. A systematic study of post-translational modifications of PS I proteins is 
needed in an organism, such as Synechocystis sp. PCC 6803, in which all PS I genes have 
been sequenced and physiological investigations can be performed. 
5. Concluding Remarks 
In the last 15 years, a combination of genetic, biochemical and biophysical studies 
have achieved progress in understanding of how PS I functions. Only PsaA, PsaB and PsaC 
are involved directly in the electron transfer from plastocyanin on the luminal side to 
ferredoxin on the stromal side. However, the electron transfer is made efficient only in the 
presence of the proper assembly of the other subunits. 
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Many cyanobacterial species can be transformed and the transforming DNA can be 
recombined in the genome using homologous recombination. These properties have 
allowed targeted deletion or inactivation of specific genes and introduction of site-directed 
mutations. In Synechocystis sp. PCC 6803, mutants for all proteins of photosystem I have 
been reported. Mutants for some PSI subunits have also been reported in Synechococcus sp. 
PCC 7002, Anabaena variabilis and Synechococcus elongatus. Analysis of these mutants 
has revealed the roles of PS I proteins in the organization and function of photosystem I. 
However, roles of some proteins of PS I are not evident from the phenotypes of the 
cyanobacterial mutants. 
The cyanobacterial mutants that lack PsaKl, PsaK2, PsaM, PsaL, Psal, PsaJ. and 
PsaF do not affect photoautotrophic growth or photosynthetic electron transfer rates. 
Therefore, in these mutants the deficiency is not rate limiting for photosynthesis. In most of 
these mutants, the electron transfer activity of PSI and rates of electron transfer within PSI 
are also not affected. Algae and higher plants contain homologous PsaF, PsaK. Psal. PsaJ, 
and PsaL proteins. The structural conservation of these during evolution implies that their 
role provides critical advantage to the organism. For some of these proteins, such as PsaF 
and PsaJ, the functions are clearly evident from the phenotypes of the algal and plant 
mutants. However, their function in cyanobacteria remains a mystery. Recent structural 
analysis has shown that these integral membrane proteins bind chlorophyll a and carotenoid 
molecules. However, the absence of these proteins and consequent lack of associated 
cofactors does not decrease the efficiency of PSI complexes by a detectable margin. 
The absence of phenotype in many cyanobacterial mutants could result from many 
reasons. First, the presence of these proteins is important for PSI function only under 
certain growth conditions, which have not been tested. In nature, the cyanobacteria 
experience much greater fluctuations in the environmental and nutritional conditions than 
what could be tested in the laboratory. Second, these proteins offer evolutionary advantage, 
which is minor, but significant. Competition experiments with the wild type and mutant 
strains grown together under different conditions could test this possibility. Third, the 
expression or overexpression of can be examined by global analysis of genome expression 
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in the mutants. Therefore, technology has now become available to understand the lack of 
apparent phenotype in some of the cyanobacterial mutants. 
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Table 1. Polypeptide subunits of PS I 
Subunits ORF in Synechocystis Mass Pi 
sp. PCC 6803 (Predicted) 
PsaA Sir 1834 83.0 (66) 7.44 
PsaB Slrl835 82.4( 66) 6.46 
PsaC Ssl0563 8.9 (8) 5.53 
Cyanobacterial mutants 
PsaD 
PsaE 
PsaF 
Psal 
Slr0737 
Ssr2831 
SI10819 
Smi0004 
15.6(17.7) 
8.0(8) 
15.7(15.8) 
4.3 (3.4) 
9.37 
9.19 
7.25 
3.62 
No PS I in Synechocystis* 
mutants [64.65] 
Synechocystis [66] and 
Anabaena [67] mutants contain 
PSI core, but lack terminal 
electron donors and the PsaD 
and PsaE proteins 
Ferredoxin or flavodoxin 
reduction decreased or absent in 
Synechocystis mutants [13. 14] 
Ferredoxin or flavodoxin 
reduction decreased in 
Synechocystis mutants [14.68] 
No effect on photosynthesis in 
Synechocystis [141, 
Synechococcus* [69] or 
Synechococcus eiongatus [70] 
mutants 
PsaL assembly and trimer 
formation altered in the 
Synechocystis [41] and 
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PsaJ SmlOOOS 
PsaK/K2 Ssr0390/sll0629 
PsaL Slrl655 
PsaM 
PsaU Not detected 
4.4 (3.0) 5.23 
8.5/13.7(5.1) 10.52/10.09 
16.6(14.3) 4.39 
3.4 (2.8) 6.78 
3 ? 
Synechococcus [42]mutants 
PsaF assembly and organization 
affected in the mutants [28] 
No effect on PS 1 activitiy when 
PsaK I or PsaK2 or both genes 
inactivated in Synechocystis 
[46] 
No PS I trimers in in the 
Synechocystis [49] and 
Synechococcus [42]mutants 
Less trimer formation in the 
PsaM-less mutants of 
Synechocystis [46] 
Detected in the crystal structure 
*Synechocystis, Synechocystis sp. PCC 6803; Synechococcus, Synechococcus sp. PCC 7002 
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Figure Legends 
Figure 2-1. Isoforms of the peripheral proteins of cyanobacterial PSI. The proteins of 
trimeric PSI complexes of Synechocystis were resolved by 2-dimensional gel electrophoresis. 
The first dimension was performed on immobilized pH gradient strips (3-10 nonlinear pH 
gradient) whereas the second dimension consisted of electrophoresis on a Tricine-urea-SDS 
gel. The proteins were identified by peptide mass fingerprinting with mass spectrometry. 
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CHAPTER 3. PHOTOSYSTEM I REACTION CENTER MUTANTS: 
ELECTRONIC SPECTROSCOPY AND ULTRAFAST KINETICS1 
A paper submitted to Journal of Biological Chemistry 
Wu Xu2, Peter Martinsson3, Sergei Savikhin, Parag R. Chitnis, and Walter S. Struve4 
ABSTRACT 
Trimeric photosystem I core antenna - reaction center complexes have been isolated 
for six mutants of the cyanobacterium Synechocystis sp. PCC 6803. The mutants contain 
replacements of PsaB protein residues near the P700 reaction center. Four of the mutants 
(F647Y, F649C/G650T, H651C, and H651Q) affect residues at or near H651, the P700 
binding site. Two other mutants alter proposed binding sites of an accessory chlorophyll 
(N582Q) and a "connecting" chlorophyll (H430N). For the F647Y. F649C/G650T. H651Q. 
and H430N mutants, the (P70CT - P700) steady-state absorption difference spectra closely 
resemble (but do not always coincide with) the wild-type spectrum. Larger deviations are 
found in the difference spectra for H651C and N582Q. The ultrafast antenna equilibration 
and trapping kinetics in the mutants F649C/G650T, F647Y, H651Q, H430N, and H651C are 
very similar to the wild-type; good global fits are achieved using the four component 
lifetimes -500 fs, 2.1-2.2 ps, 21-25 ps, and long. While a four-component global analysis 
adequately describes the antenna kinetics in N582Q, its P700 trapping lifetime is longer (~31 
ps, versus 23 ps in the wild type). The (open - closed) absorption difference profiles for PS I 
excited at 660 nm and probed at 690 nm (which cast the reaction center processes into relief) 
vary considerably among the mutants. However, all except N582Q share similar lifetime 
1 Research at the Ames Laboratory was supported by Division of Chemical Sciences, Office of Basic Energy 
Sciences, U. S. Department of Energy. Ames Laboratory is operated by Iowa State University under Contract 
W-7405-Eng-82. Preparation and characterization of the PS I mutants was supported by NSF grant number 
MCB 970023 (to PRC). The ultrafast experiments were carried out under the Ames Laboratory: the steady-state 
spectroscopic measurements were performed under NSF grant number MCB 9904612 (to WSS). 
2 W. Xu, P. Martinsson contributed equally to this work and should be considered as first authors. 
3 W. Xu, P. Martinsson contributed equally to this work and should be considered as first authors. 
4 To whom correspondence should be addressed. Fax: 515-294-1699; E-mail: wstruve@ameslab.gov 
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components (6-11 ps and 19-24 ps), with relative amplitudes that agree well with model 
predictions based on their (P700+ - P700) steady-state absorption difference spectra. For 
N582Q, the lifetimes are 7.3 and 31 ps. There is no evidence for major changes in the 
primary charge separation or A<f->Ai electron transfer kinetics in any of these mutants. 
KEYWORDS: Chlorophyll a; cyanobacteria; P700; site-specific mutants; Synechocystis sp. 
PCC 6803 
INTRODUCTION5 
Understanding primary charge separation and electron transfer processes in reaction 
centers has long been a key objective in photosynthesis research. The 2-3 ps time scale for 
emergence of the radical pair P^H" following excitation of the special pair BChls in purple 
bacterial reaction centers was established over a decade ago (see réf. (1) for a review). The 
subsequent 80-300 ps electron transfer from H" to the primary quinone QA (2) and the 
proton-coupled QA~-» QB electron transfer (3) have also been extensively studied. The 
kinetics of the analogous processes in photosystem II reaction centers are less clear, partly 
because the composition and pigment organization in PS II reaction centers are still 
uncertain. In the majority view, the primary charge separation in PS II occurs on the 
timescale of 2-3 ps, as in purple bacterial reaction centers (4-7). However, Kiug and 
coworkers (8-10) have proposed that a substantial fraction of the pheophytin electron 
acceptors in PS II are reduced with -20 ps kinetics. 
The crystal structure of the PS I core antenna - reaction center from the cyanobacterium 
Synechococcus elongatus is increasingly well known (11-13), but PS I reaction center 
kinetics have been relatively little studied. The PsaA/B protein heterodimer that binds the 
reaction center cofactors also coordinates most of the -100 core antenna Chls (11). Selective 
excitation of PS I reaction center pigments is not possible, and the primary reaction center 
5 The abbreviations used are: A* the primary electron acceptor in PS I; A,, the phylloquinone secondary 
acceptor, (B)ChI, (bacterio)chlorophyll; DAS, decay-associated spectrum; ESA, excited state absorption; fwhm, 
foil width at half maximum; PB, photobleaching; PS I (H), photosystem I (H); P700, the primary donor special 
pair Chls in PS I; P700*, electronically excited P700; P700\ oxidized P700; SE, stimulated emission; S/N, 
signal/noise ratio 
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processes cannot be separated from the antenna kinetics in a single experiment. Hastings et 
al. (14) obtained separate transient absorption profiles for PS I particles with open and closed 
reaction centers. Since excitation trapping occurs with very similar kinetics at open and 
closed reaction centers (15-19), Hastings et al. reasoned that the difference between the open 
and closed absorption profiles should isolate the reaction center kinetics. For PS I from the 
cyanobacterium Synechocystis sp. PCC 6803 excited at 590 nm and probed at 686 nm, the 
(open - closed) difference profile showed apparent photobleaching (PB) rise and decay 
kinetics of ~4 and ~20 ps, respectively. This transient was attributed to PB of the primary 
electron acceptor (Ao) spectrum, which peaks at -685 nm (15, 16). The 4 ps rise feature was 
ascribed to antenna excitation trapping at P700, followed by rapid primary charge separation 
P700*Ao -> P700+ Ao". While excitation trapping at P700 ordinarily shows 23-24 ps kinetics 
in Synechocystis sp., Hastings et al. considered that annihilation reduced the effective 
trapping timescale to -4 ps. The 20 ps photobleaching decay was assigned to the electron 
transfer Ao" -» A|. Similar estimates of the Ao" -> At kinetics (20-50 ps) were later reported 
by several other groups (20-23). 
Savikhin et al. (24) recently obtained annihilation-free (open - closed) absorption difference 
profiles for PS I from Synechocystis sp. An (open - closed) difference profile excited at 660 
nm and probed at 690 nm exhibited nominal -10 ps PB rise kinetics, combined with nominal 
-20 ps PB decay kinetics. (The word "nominal" is used here, because PB decay cannot be 
distinguished from absorption growth a priori.) This profile leveled off to a substantial PB 
signal at long times. These features could be interpreted quantitatively in terms of -20 ps PB 
rise kinetics across the broad P700 absorption band, combined with biexponential absorption 
growth (-10 and 20 ps lifetimes) in a narrower absorption band centered at 690 nm. The 
latter band stems from the monomeric uncharged Chi (C690) that emerges with ChT after 
oxidation of P700 (25). The amplitudes of the two kinetic components (as well as the 
asymptotic difference signal) correlated well with the relative amplitudes of Gaussian 
components from an analysis of the steady-state (open - closed) absorption difference 
spectrum. In this interpretation, the 20 ps component arises naturally from excitation trapping 
at P700, rather than from the Ao"-»At electron transfer. The 10 ps component was attributed 
to the primary charge separation P700*Ao -»P700+Ao~ (24). However, a recent global 
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analysis of absorption difference profiles (using several probe wavelengths bracketing the Ao, 
C690, and P700 0-0 origin bands) strongly suggests that the 10 ps timescale corresponds 
instead to the overall process P700*AoAi -»P700+AoAf (S. Savikhin, W. Xu, P. Martinsson, 
P. R. Chitnis, and W. S. Struve, unpublished work). 
PS I reaction centers contain four pairs of Chi pigments arranged about an 
approximate twofold symmetry axis (11,12). These include the P700 special pair Chls, the 
accessory Chls (analogous to the accessory BChls in purple bacterial reaction centers), the 
primary electron acceptors (Ao), and the connecting Chls (which are interposed between the 
Ao Chls and the surrounding antenna). Ten carboxyl-terminal a-helices (5 each from the 
PsaA and PsaB protein subunits) form a cage that binds these cofactors, along with the 
secondary electron acceptors At and the iron-sulfur center Fx. The PS I X-ray structure (11, 
13, 26, 27) reveals the PsaB protein residues that may ligand the Chi central Mg atoms 
(Figure 1). These residues are highly conserved among cyanobacterial PS I complexes, and 
reside in the m-helix (H651), t-helix (N582), and /-helix (H430). In this work, we have 
generated six reaction center mutants (N582Q, H651C, H651Q, H430N, F647Y, 
F649C/G650T), and characterized their trimeric PS 1 complexes. We have examined their 
steady-state (P700+ - P700) absorption difference spectra in order to probe the effects of the 
protein modification on P700 electronic structure. Finally, we have compared the ultrafast 
kinetics of mutant and wild-type PS I, in order to determine the effects of these site-directed 
mutations on the antenna kinetics, the excitation trapping at P700, and the primary electron 
transfer events. 
EXPERIMENTAL PROCEDURES 
Generation and biochemical characterization of mutant strains - The plasmid pGEM-
3C+ was used for mutagenesis. This plasmid contains the C-terminal region of the psaB 
gene, resistance genes for chloramphenicol and ampicillin, and 760 bp region downstream of 
the psaB gene (W. Xu and P. R. Chitnis, unpublished results). The polymerase chain 
reaction was used to generate site-directed mutations in psaB (28). Table I lists the 
oligonucleotides that were used to engineer the mutations around P700. Recombinant 
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plasmid DNAs were used to transform the recipient strain, and chloramphenicol-resistant 
transformants were selected at under low light intensity (2-3 fzmoles m'2 s"1) at 30°C (29). 
The transformants were segregated for three generations and replica-plated to confirm the 
absence of the kanamycin resistance gene. After segregation, the genomic DNAs were 
isolated from the mutant strains. The fragments containing the mutated sites were amplified 
by PGR and were sequenced to confirm the presence of desired mutations. The pGEM-3C+ 
plasmid with the wild type gene was introduced back into the recipient strain to generate the 
recovered wild type (RWT), which served as a positive control for these studies. 
The mutant strains that could not grow without glucose were used to obtain revenants 
that were able to grow under photoautotrophic conditions. To obtain revenants, the original 
mutant cells were grown in BGll medium with 1 mM glucose under 40 //moles m2 s'1 light 
intensity with aeration for ten days. The surviving cells were collected and spread on BG11 
plates without glucose. The plates with cells were incubated under 40 nmoles m"2 s"1 light 
intensity at 30°C. These processes were repeated until single colonies of pseudorevenants 
appeared in the plates. The genomic DNAs were isolated from each revenant. The fragments 
containing the mutated sites were amplified by PGR and sequenced to examine whether the 
revenants contained the original mutations. 
Cells of Synechocystis sp. PCC 6803 were cultured in BG-ll medium (30) with 
appropriate antibiotics (30mg/l chloramphenicol or 40mg/l kanamycin) at 30°C and were 
aerated by bubbling air. The growth of Synechocystis cultures was monitored by measuring 
the absorption at 730 nm (A730) with a UV-160U spectrophotometer (Shimadzu, Tokyo, 
Japan). Cells were harvested during the exponential growth phase, resuspended in 0.4 M 
sucrose, 10 mM NaCl, 10 mM MOPS-HC1 (pH 7.0), and stored at -20°C for further use. 
Previously published methods were used to determine cellular Chi content, to isolate 
thylakoids, to perform Western blotting, and to purify trimeric PSI complexes (31). 
Spectroscopic methods - The optical pump-probe spectroscopy system has been described 
in detail elsewhere (24,32). Pulses from a self-mode-locked Tksapphire laser were amplified 
by a factor of ~106 at 1 kHz repetition rate in a regenerative amplifier. The 780 nm output 
was recompressed to -90-100 fs duration using a grating pair, and converted to infrared 
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signal and idler pulses in a Type IBBO optical parametric amplifier (33). The signal output 
pulses were frequency-doubled into tunable visible light pulses (600-730 nm), which served 
as sample excitation pulses. Sample absorption was probed with broadband continuum light 
pulses generated in a sapphire plate; cross-correlations between the pump and probe pulses 
were typically 100-200 fs fwhm. Continuum pulses were split into signal and reference 
beams, dispersed in an Oriel MS257 imaging monochromator operated at ~3 nm bandpass, 
and directed onto separate Hamamatsu S3071 Si pin photodiodes. Noise performance was 
near shot noise-limited; the rms noise in dA was ~10*5 for I sec accumulation time. Operation 
in the annihilation-free regime was ensured by control experiments in which the pump power 
was varied; all experiments were performed at room temperature. Unless otherwise specified, 
the pump and probe polarizations were separated by 54.7°. 
All PS I samples contained 20 mM sodium ascorbate. As shown by Savikhin et al. 
(24), samples in experiments conducted in total darkness contained predominantly open 
reaction centers; continuous illumination of the sample cell by a 3 V flashlight bulb yielded 
samples in which the reaction centers were almost exclusively closed. While it is known that 
recombination occurs from the terminal acceptor (FA/B) with -45 ms kinetics (34), we have 
found that essentially all of the reaction centers are converted into P700"r after ~4 sec of 
continuous illumination; regeneration of P700 under dark conditions requires ~120 sec in 20 
mM ascorbate. The latter process occurs directly from the ascorbate anion: its kinetics are 
single-exponential, with rate constant proportional to ascorbate concentration for 
concentrations > 20 mM. 1-5% of the unpaired electrons on FA/B" are typically scavenged 
from the PS I complex prior to recombination, and each PS I complex is excited hundreds of 
times during 4 sec illumination. Hence, while continuous illumination can cause substantial 
population buildup of long-lived P700+, such buildup will be negligible under short-pulse 
excitation (34). Steady-state absorption spectra of PS I samples with open and closed reaction 
centers were accumulated in a Perkin-Elmer Lambda 3B spectrophotometer. The 
spectrophotometer modification for low-noise measurement of absorbances in samples with 
closed reaction centers has already been described (24). 
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RESULTS 
Mutant generation and characterization - The effects of altering the protein 
environment around several key reaction center Chls (P700, one of the accessory Chls, and 
one of the connecting Chls) were probed by site-directed mutagenesis of the PsaB subunit 
(Fig. I). Mutant strains were examined for Chi content, a rough indicator of PS I 
accumulation inside a cell (Table II). The ability of strains to grow under photoautotrophic 
conditions was examined as a physiological measure of mutant PSI function. Relative levels 
of the PsaB protein in the mutant membranes were examined by Western blotting. 
Membranes were solubilized with detergent, and trimeric PS I complexes were isolated by 
sucrose density gradient ultracentrifugation. Table II summarizes the mutants for which PS I 
trimers could be obtained. 
Two histidyl residues (H651 and H676 in the PsaB and PsaA proteins respectively) 
coordinate the P700 special pair Chls in Synechocystis sp. PCC 6803 (27,35). H651 of PsaB 
was replaced with cysteinyl, leucyt or phenylalanyl residues. The H651C mutation caused 
reduction of PS I amounts in the membranes, yet allowed photoautotrophic growth and 
isolation of PS I trimers. Therefore, the Mg+2 in a P700 Chi molecule may be liganded by the 
cysteinyl residue; or this interaction may not be essential to P700 function. The H651L and 
H651F mutants did not accumulate sufficient PS I to allow photoautotrophic growth. This 
fact allowed us to isolate a revertant of the H651L mutation, in which L651 in the WX9 
strain (Table II) is replaced with a glutamine. Glutamine can provide a ligand to Chi 
molecules (27). This revertant strain could grow photoautotrophically and contained near-
wild type levels of PS I. In addition to H651 (which interacts directly with P700), other 
specific residues near P700 were mutated. The mutations F647C and F649C/G650I targeted 
two aromatic residues near the P700-binding H651 residue. Neither mutant could accumulate 
sufficient PS I complexes, and failed to grow photoautotrophically (Table II). Therefore, 
disruptive mutations in these residues influenced the structural integrity in the PS I complex. 
For both of these mutants, revertants were obtained (F647Y and F649C/G650T), which could 
accumulate enough functional PS I complexes to allow photoautotrophic growth. The PsaB 
protein can thus tolerate conservative substitutions in F647 (aromatic residue) or G650 (short 
side chain). In contrast, the 649th position does not require an aromatic residue. These mutant 
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phenotypes are consistent with the configurations of the respective residues in the «-helical 
structure. One expects the G650 and F647 side-chains to point towards P700, which binds to 
H651. Howver, the aromatic ring in the F649 residue points away from P700, and should 
therefore not be critical for P700 assembly and function. 
The 4 Â resolution structure of PS I also suggests the identities of the amino acid 
residues that bind to the Ao, accessory and connecting Chls (12). The following PsaB 
residues were targeted: H525 (Ao binding), N582 (accessory Chi binding) and H430 and 
H709 (connecting Chi binding). Relatively conservative substitutions of two of these residues 
(H709N and H525N) reduced accumulation of PS I drastically, and did not allow detailed 
characterization of the mutants. However, the N582Q and H430N mutations (while reducing 
PS I accumulation) allowed photoautotrophic growth. 
PS I trimers could not be isolated from strains containing less than 20% of wild- type 
PsaB levels. Most mutants with disruptive substitutions did not accumulate significant levels 
of PS I in their membranes; in such cases, the mutations likely caused a defect in protein 
assembly, or led to rapid removal from the membranes. Trimers were isolated from the 
mutants F647Y, F649C/G650T, H651Q, H651C, N582Q, and H430N, and these were used in 
the spectroscopic studies. 
Steady-state spectroscopy - Figure 2 shows the steady-state (P700+ - P700) difference 
spectra for the PsaB revertant mutants F649C/G650T and H651Q, superimposed on the wild-
type difference spectrum. H651 is the PsaB P700 binding site. While these mutant spectra 
closely resemble the wild-type spectrum, the small deviations between them can translate 
into noticable differences in the time-resolved pump-probe profiles for PS I trimers probed at 
690 nm (see below). The major photobleaching components in the (P700+ - P700) difference 
spectra in Figure 2 are a broad P700 band near 700 nm, combined with a band near 655 nm 
that is likely dominated by differences between the Qy vibronic features for oxidized and 
reduced reaction centers. The principal absorptive features in the difference spectrum are a 
sharp band (-10 nm fwhm) at -690 nm, and an extremely broad band (> 80 nm fwhm) 
centered near 800 nm. The 690 nm feature has been attributed to the monomeric Chi 
(hereafter C690) that emerges after oxidation of the special pair, P700+ -» C690 ChT (25). 
This assignment was recently supported by Savikhin et al. (24). The 800 nm band, attributed 
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to oxidized monomeric Chl+, has been used to monitor kinetics ofP700+ in electron transfers 
from plastocyanins and cytochromes (36,37). Optimized parameters from Gaussian analyses 
of the wild-type and all mutant difference spectra are listed in Table III. 
Figure 3 shows (P700+ - P700) difference spectra for the site-directed mutants H651C 
and N582Q, which target the PsaB P700 and accessory Chi binding sites. These exhibit 
considerably larger differences from the wild-type spectrum than the revenants H651Q and 
F649C/G650T. This illustrates the fact that the revertant mutants (which are self-selected 
under competitive growing conditions) tend to resemble the wild type more than the original 
site-directed mutants. For H651C, the P700 photobleaching component in the (P700+ - P700) 
difference spectrum (not shown) exhibits a shoulder near 665 nm, which is comparatively 
more intense than in the wild-type spectrum. This may stem from greater oscillator strength 
in the P700 upper exciton component, in consequence of increased skewing between the 
special pair Qy transition moments in this mutant 
The difference spectra for F647Y and H430N are so similar to the wild type that they 
are not shown here. Their fitting parameters are listed in Table III. While F647Y affects a 
residue near the P700 binding site, it is a revertant of F647C (Table II). H430N is a site-
directed mutant targeting a binding site for one of the connecting Chls. These Chls are 
comparatively remote (12) from P700 (> 20 A); as judged from the (P700+ - P700) spectrum, 
this mutation at H430 has little effect on the P700 electronic structure. 
Antenna kinetics - Figure 4 shows the results of a four-component global kinetic 
analysis of absorption difference profiles for the F649C/G650T double mutant with open 
reaction centers, excited at 660 nm and probed at 5 nm wavelength intervals from 630 to 725 
nm. The decay-associated spectra (DAS) in this Figure closely resemble those for wild-type 
PS I from Synechocystis sp. (24). A 510 fs DAS component arises from spectral equilibration 
within the Chi a bulk antenna (660-690 nm), while a 2.1 ps component is due to equilibration 
between the bulk antenna and a small number of far-red Chls (38) with low-temperature 
origin bands at 708 and 714 nm. A 20.5 ps DAS component reflects antenna excitation 
trapping at P700. Hastings et al. (39) reported a similar lifetime (24 ps) for the trapping in 
wild-type PS I from Synechocystis sp.; their 3.4 ps kinetic component, attributed to bulk<~> 
red antenna equilibration, is somewhat longer than ours (~2 ps). Our long-time DAS 
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(nominal lifetime 1022 ps) is similar but not identical to the steady-state (P700+ - P700) 
absorption difference spectrum in Figure 2. The corresponding lifetimes for wild-type PS I 
with open reaction centers are 530 fs, 2.3 ps, 23.6 ps, and 1200 ps (24). It is clear that the 
overall PS I antenna excitation transport and trapping kinetics are minimally affected by the 
double mutation in this revertant. This global analysis reveals little about PS I reaction center 
processes other than trapping, because the origin bands of the visible reaction center Chi 
absorption spectra are concentrated between 680 and 700 nm (see below). 
Also shown in Figure 4 are DAS from a global analysis of pump-probe profiles for 
the N582Q mutant excited at 660 nm. As in the wild type and the revertant double mutant, 
four components suffice to describe the antenna kinetics. The lifetimes describing antenna 
equilibration resemble those in the wild type (570 fs bulk spectral equilibration, and 2.2 ps 
bulkn red equilibration). However, the third component (31 ps) is 35% longer than in the 
wild type. Part of this difference may originate from the altered P700 spectrum in N582Q 
(Figure 3); according to Fôrster theory, trapping at P700 is expected to be sensitive to the 
P700 absorption spectrum. Part may also arise from changes in the affected accessory Chi, 
whose (unknown) spectral origin may overlap those of the redmost antenna pigments and 
thus mediate the trapping at P700. 
Global fits to the antenna kinetics in the H651C, H430N, and H651Q mutants yield 
results similar to wild type PS I. The bulk antenna equilibration lifetimes range from 490 to 
540 fs. The bulk n red equilibration lifetimes are 2.1, 2.3, and 1.6 ps in the respective 
mutants, while the trapping times are 22,21, and 25 ps. The DAS for these components (not 
shown) are all similar to those in the wild type. In short, the only DAS component lifetime 
that differs beyond statistical error from the wild type appears to be the 31 ps trapping time in 
the N582Q mutant 
Reaction center kinetics - Time-resolved absorption difference profiles are shown in 
Figure 5 for the revertant double mutant F649C/G650T, excited at 660 nm and probed at 690 
nm. The top panel in this Figure shows the individual profiles for the mutant PS I with open 
and closed reaction centers; the bottom panel shows the resulting (open - closed) difference 
absorption difference profile. The bottom panel also shows the corresponding (open - closed) 
difference profile for wild-type PS I (24). The time-resolved difference profile for the double 
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mutant can be fitted using nominal photobleaching (PB) rise and decay features with 
lifetimes 7.5 and 23 ps, respectively. The corresponding lifetimes for the wild type are 6.9 
and 23 ps; these differ slightly from our previously reported lifetimes 9.5 and 25.3 ps. [The 
probe wavelengths where the ~7 ps components have significant amplitudes are largely 
confined between 680 and 700 nm, where the reaction center cofactor origin bands are 
located. For this reason, the 7-10 ps lifetimes do not emerge in four-component global 
analyses of data sets spanning from 630 to 725 nm.] For the sequence of first-order steps 
Antenna* P700 AQ A| 
?/'• Antenna P700* Ao At 
??'• Antenna P700+Ao" Ai 
??'• Antenna P700"1" Ao At" 
the time-dependent absorption difference signal at probe wavelength A is given by 
S(X,t) = (fncth- ~£piqq) 
+ 
~ 
£F>700 + 7 W 1(£P700+ ~£P700 ~£AO)~ 7~ ~AR —R(£P70<H- ~£P700) E 
ri-r2 ft-hki -h) ft ~r:ATi ~r3V 
4 (1) 
+ 7 7 F (£P700+ -£P700 -£.4O)-7- -4- —-TFENOO* _£P70o) e 
VI ~T3AT2 ~T3.) V3-TIXT3~T2J 
where £p7oo(A), £p7oo+(A), and £AO(A) are the absorption spectra of the special pair, the 
monomelic Chi C690, and the primary electron acceptor Ao, respectively. It is assumed here 
that the phylloquinone electron acceptor Ai does not absorb in this region. To our 
knowledge, no compelling evidence has been reported for detection of any spectral 
intermediate attributable to reduction and reoxidation of the accessory Chls, so the electron 
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transfer steps involving them are not included in this model. Comparisons between 
absorption difference spectra for wild-type PS I and for a menB mutant (40) in which 
A<f—>Ai electron transfer is effectively frozen on the picosecond time scale (S. Savikhin, W. 
Xu, P. Martinsson, P. R. Chitnis, and W. S. Struve, unpublished work) show that the C690 
and Ao absorption spectra are essentially isosbestic at 690 nm. At this isosbestic probe 
wavelength Ao, the difference signal (Equation 1) simplifies into 
S(Ag,f) — £p70o(^o) ^ f| — ' ) 
(2) 
The antenna excitation trapping timescale Ti (= 23 ps in wild type PS I) is independently 
known from global analysis of the antenna kinetics (e.g. Figure 4). S(Xa,t) is symmetric with 
respect to exchange of the unknown lifetimes Xi and T3 (which correspond to primary charge 
separation and to the Ao~-»Ai electron transfer respectively). Hence, the isosbestic 690 nm 
profiles in Fig. 5 alone cannot distinguish (for example) between whether % - I ps and T3 = 9 
ps, or the reverse. The shape of S(Ao,0 is highly sensitive to the sum of lifetimes zs + T3, but 
is relatively insensitive to their ratio T2/T3 for fixed (% + T$). Hence, an absorption difference 
profile probed at this wavelength reveals the overall timescale for the process P700*AoAi —» 
P700+AoAf, but provides little other information about the individual time constants for 
primary charge separation or the Ao~—»A[ electron transfer. Determining the latter requires 
(open - closed) absorption difference profiles at additional wavelengths, plus knowledge of 
the reaction center cofactor spectra £p7oo(A), £P7<XH(A), and £AO(A), cf. Equation 1. The 
trapping time Ti (= 23 ps in wild-type PS I) controls the nominal PB decay feature that 
dominates the long-time behavior in the (open - closed) difference profiles of Figure 5. The 
nominal PB rise kinetics observed at early times (t < 10 ps) are governed by ti + T3. In this 
interpretation, the cumulative time scale (%% + T3) for the process P700*AQAI —> 
P700+AoAf in wild type PS I and the double mutant is 7-10 ps. 
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Since % and T3 affect the isosbestic signal essentially through their sum T23 = (% + T3), 
Equation 2 can be approximated by 
5(A0,/)==-[l-e-"r'>,700 +  1 _ _ ^  ( 3 )  
R23~RL R23 -RL 
This indicates that the experimental isosbestic signal should be approximately biexponential, 
with lifetimes Ti and T23. Equation 3 predicts the relative amplitudes of the lifetime 
components unambiguously; they depend only on (Tt ,Vu) and on the cofactor spectra £P7OO 
and ep7oo+. The former can be derived from biexponential fits to the isosbestic profiles; the 
latter can be estimated from the multiple Gaussian fits to the steady-state (P70(T - P700) 
spectra, which are listed in Table III. Figure 6 shows comparisons between the experimental 
isosbestic (open - closed) profiles and the profiles computed using Equation 3, for both the 
wild type and the F649C/G650T mutant. Since the lifetimes differ little between the wild 
type and mutant, Figure 6 indicates that the large differences between their profiles stem 
from the small differences between the respective P70CT (i.e. C690) and P700 absorption 
spectra, as reflected in the top portion of Figure 2. For example, the ratio between the long­
time asymptotic signals for the wild-type and double mutant PS I (Figure 5) correlates with 
the ratio of the (P70(T - P700) steady-state absorption difference signals at 690 nm (Figure 
2). The similarity between the 6.9 and 7.5 ps lifetimes that emerge from the biexponential fits 
to the wild-type and double mutant profiles suggests that this double mutation has little effect 
on the overall time scale for the electron transfer P700*AQA[ -> P700+AoAf. 
This property is shared by the other mutants studied here; the shorter components 
from biexponential fits to their (open - closed) difference profiles all fall in the range 6-11 ps. 
The difference profile for H430N can be fit with lifetimes Tt = 19 ps and T23 = 11 ps. For 
H651C, a biexponential fit to the difference profile yields Ti = 23 ps and Z23 = 9.3 ps. For 
N582Q, the difference profile is well fit using Ti = 29 ps and % = 7.3 ps. Figure 7 shows the 
corresponding (open - closed) absorption difference profiles for these mutants. The lifetimes 
for the revenants F647Y and H65IQ are similar to the wild type (rt ~ 10 ps and T23 - 24 ps). 
The trapping times Tt yielded by these (open - closed) local fits at 690 nm are similar to the 
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global component lifetimes due to trapping at P700. Most of these are clustered in the low 
twenties of picoseconds, as in the wild type. For N582Q, the 31 ps global trapping kinetics 
are mirrored by the unusually long % = 29 ps found in the local (open - closed) fit. This lends 
support to our assignment of the apparent -20 ps PB rise features in Figure 5 to excitation 
trapping at P700 (24), rather than to the A<f—>A[ electron transfer (14). The coarse features 
of the (open - closed) difference profiles for these mutants agree well with those of the 
corresponding profiles simulated with Equation 3, using the Gaussian spectral components in 
Table III combined with the experimental lifetimes Ti and T23 (not shown). The detailed 
agreement between the experimental and simulated profiles in these cases is slightly less 
good for these mutants than for F649C/G650T and the wild type (Figure 6). A possible 
reason for this is that the C690 and Ao spectra may not be not isosbestic at 690 nm for these 
mutants; this assumption underlies Equation 3. In addition, spectral diffusion may cause the 
cofactor spectra (Table III) to differ from the real-time spectra observed during the first few 
tens of picseconds (see below). 
DISCUSSION 
In this work, mutations were generated at PsaB protein residues that are known to 
interact with PS I reaction center Chls. Some of of the mutations (H651F, H651L, 
F649C/G650I, F647C, H709N, and H425N) drastically reduced accumulation of PSI in the 
membranes; for these, purification of PS 1 complexes for spectroscopic studies was not 
possible. The mutants exhibiting less extreme effects on PS I assembly and/or turnover 
(H430N, N582Q, H651C, and the three revenants) permitted isolation of PS I timers, and 
these were used in the kinetic experiments. Among these, all but H651C showed 
photoautotrophic growth. Only the revertants H651Q and F649C/G650T exhibited PS 1 
levels approaching that in the wild type, as gauged by Western blotting with anti-PsaB 
antibody (Table II). The steady-state (P700+ - P700) absorption difference spectra for the 
revertants and for H430N (which targets a connnecting Chi binding site remote from P700) 
closely resemble the wild-type spectrum. The H651C and N582Q spectra (Figure 3) are more 
perturbed, suggesting that these mutations significantly influence the electronic structure of 
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the special pair. For H651C, Gaussian analysis of the difference spectrum (Figure 3 and 
Table HI) indicates that the main P700 band in this mutant is shifted several nm to the blue 
from the wild type (from 699.5 to 695.6 nm). None of the other mutants display shifts larger 
than 1.5 nm. Concomitantly, some of the H651 P700 band intensity appears to have been 
redistributed to the upper P700 exciton component at shorter wavelengths. These changes 
may originate from a weaker exciton coupling between the special pair Chls, combined with 
increased skewing between the Chi transition moments. In the N582 mutant, the principal 
difference from the wild type (P70(T - P700) spectrum appears to be its low intensity relative 
to that in the wild type (all of the absorbances in the difference spectra in Figures 2-3 are 
normalized to the peak in the total PS 1 absorption spectrum for open reaction centers). The 
reason for the weak N582Q difference spectrum is unclear to us at this time; this mutant 
exhibits the largest kinetic differences from the wild type (see below). 
Most of the mutants do not show significant departures from the wild type in their 
antenna kinetics. According to our four-component global fits, all of the mutant show 490-
570 fs bulk antenna equilibration, and their bulkn red equilibration kinetics range from 1.6 
to 2.3 ps; we do not believe that these differences are statistically significant. With the 
exception of N582Q, the mutant P700 trapping times (21-25 ps) from global analyses are 
nearly indistinguishable from that in the wild type. In N582Q, the trapping kinetics are 
dicemibly slower (31 ps). 
While it is not surprising that these reaction center mutations minimally affect the 
antenna excitation equilibration kinetics (500 fs, 2 ps), it is intriguing that they have so little 
impact on the overall P700*AqAi —» P700+AoAf electron transfer (6-11 ps). It is unlikely 
that the primary charge separation and electron transfers in PS I are robust under significant 
changes in protein environment; many of the attempted mutations (Table H) so disabled PS 1 
assembly and/or function that trimers could not be isolated. Our kinetic studies show that the 
only mutations yielding isolable trimers were ones in which the primary electron transfer 
kinetics closely resemble those in native PS I. This situation constrasts with the behavior of 
mertB mutant trimers (40), in which the native At cofactor (phylloquinone) is supplanted by a 
foreign quinone (9-plastoquinone). In that mutant, the 200-280 ns Af —> Fx electron transfer 
kinetics are decelerated by two orders of magnitude (to -15 fis). Despite this, the menB 
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mutant grows autotrophically, and the whole-chain electron transfer throughout of this 
mutant PS I is about 85% that of native PS I (40). Hence, our results suggest that the primary 
charge separation and electron transfer steps in PS I may be less forgiving of genetic 
tampering than the AfFx and later electron transfers. 
Several features of the reaction center kinetic model that underlies Equations 1-3 
deserve comment. First, the excitation trapping step (with time constant % = 23 ps in wild-
type PS I) is represented as being irreversible in our kinetic model. It is well known that 
back-transfers of excitation can occur from P700* to the antenna, because the relevant 
Fôrster spectral overlap integrals between P700 and the redmost antenna Chls are certain to 
be significant; early simulations of PS I antenna kinetics (e.g. re Is. (41,42)) postulated the 
existence of such back-transfers. The present kinetic scheme is only a phenomenological 
block-diagram model, in which the experimental lifetime Tt encompasses the cumulative 
effects of excitation trapping, and detrapping. Second, the primary charge separation has 
implicitly been defined here as the process P700*Ao -» P700>Ao", in analogy to the use of 
the same term to denote the P*H —» P*H~ step in purple bacterial reaction centers. Many PS 1 
antenna kinetics simulations have suggested that the effective irreversible P700* decay 
channel is faster by at least an order of magnitude than the -10 ps time scale found here for 
the overall P700*AQAI -> P700*rAoAf process. We suggest that the decay channel in 
question is not the electron transfer from P700* to Ao, but an earlier (as yet unresolved) step -
such as stabilization of zwitterionic P700* through ultrafast solvation of neighboring protein 
residues. Third, the present experiments do not resolve the primary charge separation (as 
defined above) from the electron transfer Ao~-> At. In separate experiments (S. Savikhin, W. 
Xu, P. Martinsson, P. R. Chitnis, and W. S. Struve, unpublished work), (open - closed) 
difference profiles were carefully accumulated for wild-type PS I from Synechocystis sp. at 
several probe wavelengths from 680 to 700 nm, and globally fitted with Equation I. The 
optimal lifetimes from this analysis (5.8 ps for P700*Ao -> P700+Ao~, and 4.7 ps for the 
Ao~Ai—» Ao At" electron transfer) are sensitive to the cofactor absorption spectra ep?oo, Ep?oo+, 
and £AO- Analysis of the steady-state (P700+- P700) difference spectra in fact only yields a 
first approximation to the real-time cofactor spectra (cf. Table III); the C690 band band 
generated by the creation of P700+Ao~ during the first few picoseconds evolves into the 
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steady-state spectrum ~300 as kinetics, owing to spectral diffusion caused by protein 
relaxation (S. Savikhin, W. Xu, P. Martionsson, P. R. Chitnis, and W. S. Struve, unpublished 
work). Hence, the relevant cofactor spectra must be obtained by analyzing absorption 
difference spectra (accumulated by sweeping the probe wavelength at fixed delays) at times 
early enough to exclude spectral diffusion effects. In short, extracting the intrinsic timescales 
of the individual P700*Ao —> P700+Ao" and Ao'Ai -> AoAf steps is an involved procedure, 
and we have attempted this only for the wild type PS I to date. 
Finally, the upper limit of -10 ps derived here for the overall P700*AoA, -> 
P700+AoA[" process is at variance with the 20-50 ps time scale reported by several other 
groups (20-23) for the Ao'Ai -» AoAf electron transfer. In our model, the experimental 20 ps 
component in pump-probe experiments originates purely from antenna excitation trapping at 
P700; it is unnecessary to postulate the same lifetime for the Ao" -> A, process. A recent 
refinement of the PS I electron density map in the vicinity of the secondary electron 
acceptors (13) indicates that the edge-edge separations between the Ao and At cofactors are 
4.5 - 5 Â. (This is -5 Â shorter than the corresponding separations between the 
bacteriopheophytins and primary quinones in purple bacteria (43).) For such separations, the 
empirical Moser-Dutton parameterization of electron transfer rates in purple bacterial 
reaction centers and metalloproteins (44) predicts that the Ao" -> At electron transfer step in 
PS I should proceed on the time scale of-1 ps (13), rather than the tens of picoseconds. 
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Table I. Oligonucleotides used for generating the site-directed mutants in PsaB 
Strain Mutation Oligonucleotide sequence 
WX7 H651C 5'-AGCCCAGACCAGGCATCCGAAAAGGAAC-3' 
WX8 H651F 5'-AGCCCAGACCAGGAATCCGAAAAGGAAC-3' 
WX9 H651L 5'-AGCCCAGACCAGCAGTCCGAAAAGGAAC-3' 
WX022 F649C/G650I 5'-GACCAGGTGTATGCATAGGAACATCCAAGC-3' 
WX023 F647C 5'-GTCCGAAAAGGCACATCCAAGCC-3 ' 
WX31 H709N 5'-CAACGGTGAAGTTGGCTAAACCAAC-3' 
WX32 N582Q 5'-CAACCCAAGGTTTGCAGCATCCAGAAC-3' 
WX33 H525N 5 ' -CCTAGGGTT GAAC ACC ACT GCCC-3 ' 
WX34 H430N 5'-CTTGGGCTTCAACACCCTTGGTC-3' 
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Table IL Physiological and biochemical characterization of the mutant strains 
Strains Mutation Method of 
creation 
Chlorophyll 
content1 
(gg.A73o"l.ml"1) 
Photoautotr 
ophic 
growth1 
Level of PS 
I (PsaB) in 
membranes2 
Trimeric 
PSI 
isolation-1 
RWT None WT gene ir 
PCRTAB 
1.54 Yes ¥ r+T + Yes 
PCRTA 
B 
3' part of psaB Recipient 
missing strain 
No growth No - No 
WX7 H651C Site-
directed 
0.90 No ++ Yes 
WX8 H651F Site-
directed 
0.80 No + Yes 
WX9 H651L Site-
directed 
0.82 No + Yes 
WX9-9 H651Q Revertant 1.42 Yes ++++ Yes 
WX022 F649C/G650I Site-
directed 
0.89 No + No 
WX022-
1 
F649C/G650T Revertant 1.37 Yes -H-++ Yes 
WX023 F647C Site-
directed 
1.12 No + No 
WX023-
1 
F647Y Revertant 1.50 Yes -H- Yes 
WX31 H709N Site-
directed 
0.90 No + No 
WX32 N582Q Site-
directed 
0.96 Yes ++ Yes 
WX33 H425N Site-
directed 
0.88 No 4- No 
WX34 H430N Site- 1.04 Yes ++ Yes 
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directed 
Chlorophyll concentration and growth were measured using the strains, which had been 
cu l tu red  under  40 /zmoles  m" 2  s"  1  l igh t  a t  30C.  
2 Estimated from Western blotting with anti-PsaB antibody. The range is i i i i i for the wild 
type  leve l s ,  down to  -  for  the  absence  o f  PS  I .  
3 The column lists mutants for which PS I trimers could be purified. 
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Table III. Gaussian parameters for 5-component fits to (P700+ - P700) absorption difference 
spectra of PS I mutants " 
Mutant P700,0-0 C690,0-0 P700T, 0-0 Vibronic Vibronic 
WT 699.5 (29.4) 
-0.763 
691.2(10.7) 
+0.731 
800.0 (81.8) 
+0.111 
633.2 (60.4) 
-0.110 
657.8(17.7) 
-0.099 
F647Y 699.2 (25.2) 
-0.818 
691.6(10.2) 
+0.674 
800.0 (89.8) 
+0.111 
656.4(19.3) 
-0.146 
F649C/ 
G650T 
699.8 (27.9) 
-0.978 
690.9(11.1) 
+0.743 
800.0 (83.8) 
+0.141 
628.1 (54.1) 
-0.110 
656.3 (15.9) 
-0.137 
H651Q 698.6 (28.6) 
-0.871 
690.5 (10.8) 
+0.993 
800.0 (986) 
+0.163 
647.1 (162) 
-0.307 
659.6(17.3) 
-0.116 
H651C 695.6 (25.2) 
-0.363 
689.6(10.3) 
+0.449 
800.0 (4988) 
+0.038 
644.3 (125) 
-0.097 
665.6 (21.3) 
-0.105 
N582Q 697.6 (35.9) 
-0.187 
690.6 (9.18) 
+0.136 
800.0(135) 
+0.062 
651.6(192) 
+0.007 
658.2(24.1) 
-0.099 
" For each entry, the band position (in nm) is followed by its fwhm (in nm) in parentheses: 
the signed number gives its amplitude. The difference spectrum for H430N is almost 
indistinguishable from the wild-type spectrum. 
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FIGURE CAPTIONS 
Figure 1. Sites of mutations in the C-terminal region of PsaA and PsaB. Comparison 
of the PsaA and PsaB sequences shows transmembrane helices with gradated filling, with the 
darker side towards the stromal surface of the membrane. Bars above and below the sequence 
show stromal and luminal extramembrane loops, respectively. Residues forming two surface 
helices are boxed with uniform filling. The histidyl residues that that are proposed to bind 
proximate Chi are indicated by hexagons. The binding sites for different PS I cofactors are 
shown. 
Figure 2. Steady-state (P700+ - P700) absorption difference spectra for the 
F649C/G650T double mutant (top) and H651Q (bottom). Solid and dashed curves show 
mutant and wild- type spectra, respectively. Optimized parameters from Gaussian fits to 
these and other difference spectra are given in Table III. 
Figure 3. Steady-state (P70(T - P700) absorption difference spectra for the N582Q 
and H651C mutants. Solid and dashed curves show mutant and wild- type spectra, 
respectively. 
Figure 4. Decay-associated spectra from global analysis of pump-probe experiments 
on PS I trimers from the mutants F649C/G650I and N582Q, excited at 660 nm. DAS spectral 
components are 510 fs (•), 2.1 ps (•), 20.3 ps (J, and long (•) for F649C/G650I; and 570 fs 
(•), 2.2 ps (•), 31 ps (J, and long (•) for N582Q. Negative amplitudes correspond to PB/SE 
decay and/or ESA rise components. Absorbance units are absolute under present 
experimental conditions. 
Figure 5. isotropic absorption difference profiles for the F649C/G650T PS I mutant 
excited at 660 nm and probed at 690 nm: (top) for open reaction centers (solid line) and 
closed reaction centers (dashed line); (bottom) difference between isotropic profiles for open 
and closed reaction centers. For comparison, the (open - closed) difference signal is also 
given for wild-type PS I in the bottom panel. Biexponential fits to the (open - closed) 
difference signal yield the lifetimes (amplitudes) 7.5 ps (+0.5), 23 ps (-0.544), and long 
(+0.069) for the double mutant; and the lifetimes (amplitudes) 6.9 ps (+0.5), 23 ps (-0.698), 
and long (+0.200) for the wild type. In the bottom panel, experimental and fitted profiles are 
given by noisy and smooth curves, respectively. 
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Figure 6. Comparisons between 660->690 nm (open - closed) difference profiles 
(simulated using Equation 3) and best fits to experimental profiles for WT and F649C/G650T 
mutant PS I. Experimental fits and simulated profiles are given by solid and dashed curves, 
respectively. 
Figure 7. (Open - closed) absorption difference profiles for the PS I mutants H651C, 
H430N, and N582Q pumped at 660 nm and probed at 690 nm. Triexponential fits to the 
(open - closed) difference signal yields the lifetimes (amplitudes) 9.3 ps (+0.5), 22.6 ps (-
0.608), and long (+0.080) for H651C; the lifetimes (amplitudes) 10.7 ps (+0.5). 19 ps (-
0.579), and long (+0.079) for H430N; and the lifetimes (amplitudes) 7.3 ps (+0.5). 29 ps (-
0.494). and long (-0.005) forN582Q. 
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CHAPTER 4. MUTATIONAL ANALYSIS OF THE PHYLLOQUINONE 
BINDING SITE OF PsaB1 
Wu Xu, Boris Zybailov, Dietmar Stehlik, John H. Golbeckand Parag R. Chitnis 
SUMMARY 
Ai, a phylloquinone is an intermediate electron transfer center that oxidizes Ao and 
reduces Fx. Each PS I complex from different organisms contains two phylloquinones. 
PsaA and PsaB bind one phylloquinone respectively, which leads to the pseudo-symmetrical 
location. However, the A[ binding pockets have not been well understood. To investigate Ai 
pocket of the PsaB branch, we generated a series of site-directed mutations in PsaB. 
Physiological results show that the fifteen mutant strains differ in the photoautotrophic 
growth. The mutants W664F, W668A, E670A, L671C and A696C lose the ability in 
photoautotrophic growth whereas the others keep the ability in photoautotrophic growth. 
However the mutants W664A, W668F, E670C and W677C have defective ability and are 
also high light sensitive. Oxygen evolution data indicate the PS II activities are not affected 
significantly by these mutations compared to PS I activities. Oxygen uptake data indicate 
that PS I activities are quite different. The mutants W664A, W664F, W668A. E670A. 
L673C and A696C are the most defective in the PS I activities, which are less than 10% of 
RWT activity. The mutants R665A, W668F, E670C and W677C have defective PS I 
activities, respectively 78%, 79%. 67% and 86% of RWT. NADPT reduction measurements 
show similar trend to the oxygen uptake. Western blotting analysis with subunit-specific 
antibodies indicate that some mutations affect the PS I level in the thylakoid membranes. 
The mutants S663C, R665A, Q699N, E670D, E673C and V700C appear to have 
approximately equal amount of PsaC and PsaL to RWT. W668F, E670C and W677C have 
reduced PS I level. Much reduced PS I level was found in the mutants of W664A. W664F. 
W668A, E670A, L671C and A696C. We conclude here that residues of W664, R665, W668. 
E670, L673, W677 and A696 play the roles in either PS I stability or PS I activity. 
1 This work is supported in part by grants from National Science Foundation (MCB 0078264 to PRC). 
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INTRODUCTION 
Photosystem I (PS I)2 is a multi-transmembrane, peripheral protein-pigment complex 
found in cyanobacteria and higher plants. It mediates the light-induced electron transfer from 
plastocyanin on thylakoid lumenal side to ferredoxin on chloroplast stromal side or 
cyanobacterial cytoplasm (1-6). The PS I complex of Synechococcus elongatus contains 
twelve subunits, 96 chlorophyll a molecules, 22 /3-carotenes, two phylloquinones and three 
[4Fe-4S] clusters (7,8). The PsaA and PsaB are the core subunits that harbor the primary 
electron donor P700, a heterodimer of chlorophyll a and a ' molecules, and the chain of 
electron acceptors Ao (a chlorophyll a molecule), At (a phylloquinone) and Fx (a [4Fe-4S] 
cluster). The peripheral subunit PsaC binds the terminal electron acceptors, FA and Fg, two 
[4Fe-4S] clusters. Upon receiving the excitation energy from Photon, P700 forms excited 
P700*. Excitation of P700 leads charge separation, an electron is transferred to Ao, from 
which it is transferred to Atand a series of [4Fe-4S] clusters. Ultimately, the electron is used 
to reduce ferredoxin. The electron lost by P700 is gained by plastocyanin from the lumenal 
side. 
Each PsaA and PsaB forms a pocket, in which a phylloquinone resides. Therefore, a 
PS I complex contains two phylloquinones. At, a phylloquinone, is an intermediate in the 
chain of electron transfer that oxidizes Ao and reduces Fx. To transfer electrons most 
efficiently from Ao to Fx, At should have a midpoint potential Em of semiphylloquinone 
radical/phylloquinone about -800 mV (9), however, phylloquinone had an Em of about -380 
mV in dimethyl formamide in vitro (10). Therefore, the interaction between phylloquinones 
and proteins lowered the Em of the protein-bound phylloquinone by about 420mV relative to 
in vitro. However, the location of the phylloquinone has not yet been identified from 4 À 
resolution of X-ray diffraction study due to its relatively small molecule and its structure 
similar to aromatic amino acid residues. Pulsed electron paramagnetic resonance 
spectroscopy studies showed that the distance between P700 and At was about 25.4 Â, 
2 The abbreviations used are: PS, photosystem; MOPS, 3-[N-morpho]linepropanesuIfonic acid; PGR, 
polymerase chain reaction; RWT, recovered wild-type; DM, dodecyl-_-D-maltoside; SDS, sodium dodecyl 
sulfate; DTT, dithiothreitol; DAD, 3,6-diaminodurene; MV, methyl viologen; Tricine, N-[2-hydroxy-l,I-bis 
(hydroxymethyl) ethyl]glycine; PAGE, polyacrylamide gel electrophoresis. 
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predicting its position was close to the connection between helices m and n of each PsaA and 
PsaB (11). The highly conserved amino acid sequences A_686LFSGRGYWQELIE698 and 
B^'LISWRGYWQELIE673 were proposed to form a pocket for binding At (12,13). Based 
on the reconstruction study using different quinones and quinonoid compounds for the 
binding sites, the environment around phylloquinone has been predicted to include K-K, H-
bond, electronegative residues and hydrophobic interactions (14). A new 2.5 Â structure 
shows there are only two direct interactions between phylloquinone and protein (8). It is true 
for both phylloquinones. One is tryptophan residues from either PsaA or PsaB forming K-K 
interaction with phylloquinone. The other is that one carbonyl of each phylloquinone is 
hydrogen bonded to a backbone NH of either PsaA or PsaB. A new FTIR study on wild type 
PS I complex indicates that a negative charge residue, glutamic acid on either PsaA or PsaB 
interacts with phylloquinone (15). From the 2.5 À structure, the side chains of glutamic acid 
residues from both PsaA and PsaB are pointing the other direction against phylloquinones. 
Therefore, this interaction might be long distance effects or there exists a transient 
interaction. Clarification of all these kinds of direct and indirect interactions will be help for 
us to understand how phylloquinone is able to mediate electron flow from Ao to Fx. 
To investigate the At binding sites, we generated a series of site-directed mutants in 
the phylloquinone binding pocket of PsaB, which is easier to be genetically manipulated in 
Synechocystis sp. PCC 6803. To study it in detail and also provide a clue for the 
phylloquinone binding site of PsaA, we almost scanned every residue, which might be 
physically close to phylloquinone. Here we present biochemical and physiological 
characterization of some of these mutants, which are S663C, W664A, W664F, R665A, 
W668A, W668F, Q669N, E670A, E670C, E670D, L671C, E673C, W677C, A696C and 
V700C. 
EXPERIMENTAL PROCEDURES 
Cyanobacterial cultures—Cells of Synechocystis sp. PCC 6803 were cultured in BG-
11 medium with appropriate antibiotics (30mg/l chloramphenicol or 40mg/l kanamycin) at 
30°C and were aerated by bubbling with air. The growth of the Synechocystis cells was 
monitored from the absorption of cultures at 730nm (A730), which was determined with an 
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UV-160U spectrophotometer (Shimadzu, Tokyo, Japan) (16). Cells were harvested during 
the exponential growth phase, resuspended in. 0.4 M sucrose, 10 mM NaCl, 10 mM MOPS-
HC1 (pH 7.0) and stored at -20°C for further use ( 17). 
Plasmids and site-directed mutagenesis—Plasmid pGEM-3C+ contains the C-
terminal region of the psaB gene, resistance genes for chloramphenicol and ampicillin, and 
760 bp region down stream of the psaB gene. The three-step PCR method (18)was used to 
generate the constructions using pGEM-3C+ as a template. The oligonucleotides used to 
engineer the mutants are shown in Table I. An Eagl and Apal fragment from the third PCR 
products was cloned into pGEM-3C+ that had been digested with Eagl and Apal. The 
amplified regions were sequenced completely to ensure fidelity of Taq polymerase. 
Transformation of Synechocystis sp. PCC 6803—The DNAs were used to transform 
the recipient strain PCRTAB. The transformation and transformant selection were performed 
under light activated heterotrophic growth (LAHG) condition at about 30°C according to the 
reference (19) (16). The chloramphenicol-resistant transformants were selected, segregated 
for three generations and replica-plated to confirm the absence of kanamycin resistance gene. 
After segregation, the genomic DNAs were isolated from the mutant strains. The fragments 
containing the mutated sites were amplified by PCR and the fragments were sequenced to 
confirm the mutations. The pGEM-3C+ plasmid with wild type gene was introduced back 
into the recipient strain PCRTAB to generate the recovered wild type (RWT) which serves as 
a positive control for these studies. 
Physiological characterization—All mutants and RWT were cultured in the BGII 
medium with 5mM glucose under 2-3 (imoles m"2 s ' light intensity and were harvested at 
approximately 0.8 A730/ml of the culture. The cells were centrifuged at 4000g and pellet 
was resuspended with BGl 1 medium. The cells were pelleted again and the procedure was 
repeated three times to remove all glucose. The cells were grown at 30°C with or without 
glucose. The cultures were shaken constantly at 120 rpm under different light intensities. 
The growth of cultures was monitored by measuring the absorbance at 730 nm (16) (20). 
Biochemical characterization—Isolation of thylakoid membranes and measurement 
of chlorophyll content were performed according previously published methods (21) (22) 
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(16). Light-driven electron transport PS I DAD to MV was monitored using a Clark type 
oxygen electrode (Hansatech, England) and used to examine electron transport activity of PS 
I (23,24). The PS I activity in the membranes was also determined from NADPT 
photoreduction assay using cytochrome and ferredoxin as electron donor and acceptor, 
respectively (17). The PS II activity was measured as light-driven oxygen evolution in which 
electrons are transferred from water to p-benzoquinone via the PS II complex (25). 
Accumulation of PS I proteins was detected by analytical SDS-PACE and immunodetection 
(26). The antibodies that were used for immunodetection have been described previously 
(17). 
RESULTS 
Mutagenesis of the m-helix of the PsaB submit—The mutated plasmids were 
generated based on PCR method using pGEM-3C as a template. The plasmids containing 
mutation sites were sequenced to ensure that desired mutation sites were correct. To further 
ensure that the desired mutation sites were introduced into the genome of PCRT AB. 
genomic DNAs from a single transformant of each desired mutant strain were isolated and 
the PCR-amplified DNA fragments using each genomic DNA as the template were directly 
sequenced (not shown). 
Physiological characterization of the mutation strains—The chlorophyll and 
carotenoid content of RWT and mutant strains were measured (Table II). In most cases, 
these data are consistent with the observed color of the strains. The strains, whose color is 
bluish or green-blue, have less chlorophyll content whereas the strains, whose color is green, 
usually have less chlorophyll content. The information of color and chlorophyll content of 
each strain might roughly indicate their ability in photoautotrophic growth. The mutant 
strains W664A, W664F, W668A, E670A, L671C and A696C, whose color is blue, contain 
much less chlorophyll whereas S663C, R665A, Q669N, E670D, E673C and V700C, whose 
color is green, contain almost equal amount of chlorophyll to RWT. The mutant strains 
W668F, E670C and W677C, whose color is green-blue, contains intermediate chlorophyll. 
To test the photoaotutrophical growth, the mutant strains and RWT were transferred 
on the BG11 plates without glucose. RWT and the mutants W664F, W668A, E670A, L671C 
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and A696C could not form visible colonies while the mutants S663C, W664A, R665A, 
W668F, Q669N, E670C, E670D, E673C, W677C and V700C could form visible colonies. 
To study the growth quantitatively, RWT and mutants were cultured in BG11 liquid with or 
without glucose under different light intensities. Under low light intensity (2-3 gmoles m"2 s~ 
') and with glucose in the BG11 medium, all strains could grow, however the mutants have 
much longer doubling time (Table II). When RWT and mutant strains were cultured under 
normal light intensity (40 gmoles m 2 s"1) with glucose, W664F, W668A, E670A, L671C and 
A696C could not grow whereas the others could grow and also have similar doubling time. 
Under high light intensity (160 [xmoles m'2 s*1) in the presence of glucose, W664A, W668F, 
E670C and W677C are high light sensitive and have longer doubling time. The results 
indicate that the mutants W664F, W668A, E670A, L671C and A696C have much strong 
light sensitivity and W664A, W668F, E670C and W677C have high light sensitivity. 
When the photoautotrophic growth of the strains was tested under normal and high 
light intensity, the mutants W664F, W668A, E670A, L671C and A696C could not grow in 
the absence of glucose in BGll medium whereas the others could grow under the same 
conditions. However, W664A, W668F, E670C and W677C have longer doubling time. We 
conclude here that the mutations in W664F, W668A, E670A, L67IC and A696C cause them 
lose the ability to photoautotrophic growth and the mutations in W664A, W668F, E670C and 
W677C have defective phenotype in photoautotrophic growth. 
Photosynthetic activity of the mutant strains—We studied the physiological impact of 
the mutations on the photosynthetic activity of the mutant strains. The change of oxygen 
concentration were measured to monitor the photosynthetic activities of PS I and PS II (Table 
III). Membranes were used in the measurements and the photosynthetic activities were 
normalized on an equal cell basis. The PS H activity was measured by oxygen evolution in 
which electrons are transferred from water to p-benzoquinone via the PS H complex. For the 
mutants, the PS II activities range from 187 to 288 nmol (tyO-D-^o-h, which are 65% to 
100% of the RWT PS II activity. It means that the PS II activities are not affected 
significantly by these mutations. 
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The PS I activity was monitored by oxygen uptake in which electrons are donated by 
DAD and finally accepted by methyl viologen through the PS I complex. For the mutants, 
they show quite different activities (Table III). The mutants W664F, W668A, E670A, 
L671C and A696C are the most defective in the PS I activity, they had less than 10% of 
RWT activity. The mutants W664A, R665A, W668F, E670C and W677C have defective PS 
I activities, respectively 39%, 78%, 79%, 67% and 86% of RWT. The other mutants have 
similar PS I activities to RWT. The reductase activities of PS I the mutant membranes were 
measured as ferredoxin-mediated NADP* photoreduction. In these measurements, the in 
vivo electron donor cytochrome eg and the in vivo electron acceptor ferredoxin of PS 1 
complex were used. The PS I reductase activities of the mutant membranes are showed in 
Table III. All the mutant strains show the similar trend for both oxygen uptake and NADP+ 
photoreduction activities of PS I. Therefore, the mutations in W664F, W668A, E670A, 
L671C and A696C have worst effects on PS I activity and the mutations in W664A, W668F. 
E670C and W677C have some effects on PS I activity. 
Accumulation of PS I proteins in thylakoid membranes of the mutant strains—PsaB is 
an integral membrane protein, which has eleven transmembrane a-helices and twelve 
extramembrane loops. Any mutations in the extramembrane loops or transmembrane a-
helices of PsaB might affect its folding and assembly of whole PS I complex. Western 
blotting was performed to detect the PS I amount in the thylakoid membranes using two 
polyclonal antibodies against PsaC and PsaL, which give best signals. Western blotting 
results showed that there were no PsaC and PsaL subunit in the thylakoid membrane of 
PCRT AB while these two subunits were detected in the RWT membranes. For the mutants, 
S663C, R665A, Q669N, E670D, E673C and V700C appear to have approximately equal 
amount of these two subunits to RWT. W664A, W668F, E670C and W677C have reduced 
PS I level. Much reduced PS I level was found in the mutants of W664F, W668A, E670A. 
L671C and A696C. 
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DISCUSSIONS 
A„ a phylloquinone in PS I has been extensively studied by different techniques, such 
as solvent extraction and identification, in vitro reconstitution study, all kinds of 
spectroscopy and crystallography studies (7,14,27-30). The newest 2.5 Â structure shows 
that PsaA or PsaB has only two direct interactions with its bonded phylloquinone. The two 
interactions are K-K and hydrogen bond (8). The in vitro reconstitution and spectroscopy 
studies suggest that there might also have charge residues interacting with phylloquinone 
(14). The current combination of reverse genetic technique and previous biophysical 
techniques might be a good way to study phylloquinone. The site-directed mutants in the 
phylloquinone binding pocket provide useful materials for studying these interactions by all 
kinds of biophysical techniques. 
Three aromatic residues W664, W668 and W677 are reported to mutate in this paper. 
W688 is the residue, which has it stack with phylloquinone. The mutant W668A loses the 
ability in photoautotrophic growth and has much reduced PS I level in the membrane 
whereas the W668F mutant shows reduced PS I function and PS I level, but still allows it to 
grow photoautotrophically. W668F has altered the photoaccumulated EPR signal (not 
shown), it confirms that W668 interacts with phylloquinone. These results indicate that the 
disrupted replacement of trp688 by ala abolishes PS I stable assembly in the membranes or 
causes much higher turnover of the mutated PS I. In contrast, the conservation replacement 
of trp668 by phe allows relative higher PS I level in the membranes. We propose here that 
the mutant of W668F might still keep the % stack with the phylloquinone, but it is not strong 
as the one in wild type. Further investigations on this mutant will be needed. It is not known 
that physical distance of the other mutated trp677 to phylloquinone. Compared to trp, cys is 
much smaller. Therefore, the mutant W677C might cause some changes of local structure, 
and then the changed local structure affects phylloquinone environments. The biophysical 
measurements on W677C PS I will be expected to answer this question. 
There are one positive residue R665 and two negative charge residues E670 and E673 
in the phylloquinone binding pocket. Both R665 and E670 are physically close to 
phylloquinone and also the side chains of both residues are pointing far from phylloqinone. 
The positive charge residue R665 seems not as crucial as E670 on the results from R665A 
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and E670A. The purified R665A PS I shows a little different photoaccumulated EPR signal. 
It suggests there might have a long distance effect of arg on phylloquinone. Compared the 
results from different replacements of glu670 by ala, cys and asp, it would mean that the 
negative charge is required at the position of 670 of PsaB. It is still unknown why the 
negative charge at position 670 of PsaB is so important. Further biophysical study on E670C 
would be very interesting. Compared to glu670, glu673 seems no effect on phylloquinone, it 
might be due to the relative longer distance to phylloquinone. 
The NH backbone between A696 and L697 is assigned to form a hydrogen bond to 
one carbonyl of the phylloquinone by the crystallographers (8). Unfortunately, it is no way 
to change the backbone of amino acids. However, from the previous analysis on the mutants 
of R665A, W668A, W668F, E670A and E670C, single mutations especially in the crucial 
sites might cause local structure change or even destroy the whole PS I complex. 
Reasonably, the mutant A696C is hypothesized to change the hydrogen bond of backbone 
NH to phylloquinone, which could be tested by further biophysical techniques. 
ACKNOWLEDGMENT 
We thank Dr. Lee Mcintosh for the recipient strain PCRT AB. 
REFERENCES 
1. Bryant, D. (1992) in The Photosystems: Structure, Function and Molecular Biology 
(Barber, J., ed), pp. 501-549, Elsevier, Amsterdam 
2. Golbeck, J. H. (1994) in The Molecular Biology of Cyanobacteria (Bryant, D. A., ed), 
pp. 179-220, Kluwer Academic Publishers, Dordrecht, The Netherlands 
3. Chitnis, P. R., Xu, Q., Chitnis, V. P., and Nechushtai, R. (1995) Photosynthesis Res. 
44,23-40. 
4. Fromme, P. ( 1996) Current Opinion in Structural Biology 6,473-484 
5. Chitnis, P. R. (1996) Plant Physiol. Ill, 661-669 
6. Chitnis, P. R. (2001) Annu Rev Plant Physiol Plant Mol Biol 52,593-626 
7. Fromme. (1997) JMB 272,741-769 
8. Patrick Jordan, P. F., Horst Tabias Witt, Olaf Klukas, Wolfram Saenger & Norbert 
KrauB. (2001) Nature 411(21), 909-917 
74 
9. Evans. (1993) Academic Press 1,391 
10. Iwaki, M., and Itoh, S. (1994) Plant Cell Physiol 35,983-993 
11. Bittl, R., Zech, S. G., Fromme, P., Witt, H. T., and Lubitz, W. (1997) Biochemistry 
36(40), 12001-4 
12. KrauB, N., Schubert, W.-D., Klukas, 0., Fromme, P., Witt, H. T., and Saenger, W. 
(1996) Nature Structural Biology 3(11), 965-973 
13. Schubert, W. D., Klukas, 0., KrauB, N., Saenger, W., Fromme, P., and Witt, H. T. 
(1997) JMol Biol  272(5), 741-69 
14. Iwaki, M., and Itoh, S. (1991) Biochemistry 30(22), 5347-52 
15. Hastings G, S. V. (2001) Biochemistry 27,3681-9 
16. Sun, J., Xu, W., Hervâs, M., Navarro, J. A., De La Rosa, M. A., and Chitnis, P. R. 
(1999) J. Biol. Chem. 274,19048-19054 
17. Sun, J., Ke, A., Jin, P., Chitnis, V. P., and Chitnis, P. R. (1998) Meth. Enzymol. 297, 
124-139 
18. Picard, V. (1994) Nucleic Acids Res. 22, 2587-2591 
19. Williams, J. G. K. (1988) Meth. Enzymol. 167, 766-778 
20. Sun, J., Navarro, J. A., Hervâs, M., De la Rosa, M. A., and Chitnis, P. R. (1999) 
Photosynthesis Res. (62), 241-250 
21. Amon, D. (1949) Plant Physiol. 24, 1-14 
22. Chitnis, V. P., Xu, Q., Yu, L., Golbeck, J. H., Nakamoto, H., Xie, D. L., and Chitnis, 
P. R. (1993) J Biol Chem 268(16), 11678-84 
23. Mehler, A. H. (1951) Arch Biochem. Biophys. 33,65-77 
24. Mehler, A. H. (1951) Arch. Biochem. Biophys. 34,339-351 
25. Xu, Q., Yu, L., Chitnis, V. P., and Chitnis, P. R. (1994) J Biol Chem 269(5), 3205-11 
26. Sun, J., Xu, Q., Chitnis, V. P., Jin, P., and Chitnis, P. R. (1997) J. Biol. Chem. 272, 
21793-21802 
27. Biggins, J., and Mathis, P. (1988) Biochemistry 27(5), 1494-500 
28. Itoh, S., and Iwaki, M. (1991) Biochemistry 30(22), 5340-6 
29. KrauB, N., Hinrichs, W., Witt, L, Fromme, P., Pritzkow, W., Dauter, Z., Betzel, C., 
Wilson, K. S., Witt, H. T., and Saenger, W. (1993) Nature 361,326-331 
75 
30. Stephen E. J. Rigby, M. C. W. E. a. P. H. (1996) Biochemistry (35), 6651-6656 
FIGURE LEGENDS 
FIG. 1. The phylloquinone binding site of PsaB. 
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TABLE I 
The primers used for generating the phylloquinone binding site mutants of PsaB 
Mutants The primers 
S663C 5'-CAGTAACCCCGCCAACAGATCAAGAACATG-3' 
W664A 5'-AGTAACCCCGCGCAGAGATCAAGAAC-3' 
W664F 5'-GTAACCCCGGAAAGAGATCAAGAAC-3' 
R665A 5'-GCCAGTAACCCGCCCAAGAGATCAAG-3' 
W668A 5'-ATCAACTCTTGCGCGTAACCCCGCC-3' 
W668F 5'-ATCAACTCTTGGAAGTAACCCCGCC-3' 
Q669N 5'-GGTTTCAATCAACTCGTTCCAGTAACCCCG-3' 
E670A 5'-GTTTCAATCAACGCTTGCCAGTAACC-3' 
E670C 5'-GGTTTCAATCAAGCATTGCCAGTAACCC-3' 
E670D 5'-GATGGTTTCAATCAAGTCTTGCCAGTAACC-3' 
L671C 5'-GGTTTCAATGCAtTCTTGCCAGTAAC-3' 
E673C 5'-GGGCCCAAACGATGGTGCAtATgAACTCTTGCCAG-3' 
W677C 5 *-GCGCTCGT GGGCGC AAAC GATGGTTT C -3 ' 
A696C 5'-TGAACAATTgACAAGCAAACGGGCTTATC-3' 
V700C 5'-GGGCTAAACCAACCAAGCTTGCTTGACAAATGGACAACGC-3' 
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TABLE II 
Physiological characterization of the cells of the mutant strains 
Chlorophyll Carotenoid Doubling Time(Hours) 
Strains Content Content With Glucose Without Glucose 
(lig/OD-no/ml) (Hg/OD-no/ml) Low Normal High Normal High 
Light Light Light Light Light 
RWT 3.54 0.88 25 17 15 40 62 
S663C 3.52 0.86 25 17 15 40 61 
W664A 2.36 0.75 28 30 45 86 129 
W664F 1.54 0.68 41 
- - - -
R665A 3.22 1.01 25 18 15 41 62 
W668A 1.41 0.72 42 - - - -
W668F 2.69 1.03 25 18 20 67 98 
Q669N 3.48 0.91 25 17 16 42 67 
E670A 1.38 0.69 48 
- - - -
E670C 2.20 0.84 30 21 23 72 120 
E670D 3.51 0.88 25 17 15 40 61 
L671C 1.36 0.62 46 
- - - -
E673C 3.47 0.90 25 17 15 42 60 
W677C 3.30 0.85 27 20 17 48 92 
A696C 1.96 0.72 38 - - - -
V700C 3.54 0.89 25 17 15 39 63 
1: indicates that the strains died or did not grow. 
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TABLE III 
Biochemical characterization of the cells of the mutant strains 
Strains PS I Photosynthetic Activity PS II Photosynthetic 
DAD to MV Cytochrome c6 to Activity 
(nmol*ODno"'*h"') ferredoxin 
(HmolOD-no'^h"1) 
(nmol*OD73o"I*h'1) 
RWT 100 100 100 
(-405) (70) (287) 
S663C 100 100 100 
W664A 38.8 37.9 94.8 
W664F 6.9 5.3 67.4 
R665A 78.3 48.3 93.4 
W668A 6.4 4.1 79.8 
W668F 79.3 58.6 98.6 
Q669N 95.4 93.0 96.3 
E670A 5.7 4.0 69.0 
E670C 66.8 57.5 88.1 
E670D 100 100 100 
L671C 5.9 3.2 65.2 
E673C 100 98.8 100 
W677C 86J 75.8 96.8 
A696C 62.5 54.9 93.5 
V700C 100 100 100 
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CHAPTER 5. A HYDROGEN BOND TO THE A0 CHLOROPHYLL a 
MOLECULE OF PHOTOSYSTEM I INFLUENCES THE SPECTRAL 
PROPERTIES OFAo1 
A paper to be submitted to Journal of Biological Chemistry 
Wu Xu, Sergei Savikhin, Peter Martinsson, Boris Zybailov, John H. Golbeck, Walter S. 
Struve, and Parag R. Chitnis 
Summary 
Photosystem I is one of the two chlorophyll-containing, light-driven oxidoreductases in 
the photosynthetic membranes. The primary acceptor Ao in photosystem I is a chlorophyll a 
molecule that accepts electrons from the P700 reaction center and reduces the A, 
phylloquinone molecule. In the recently determined structure of photosystem I (Jordon P. et 
al. (2001) Nature 411:909-917), Ao chlorophyll molecules have been assigned based on the 
similarity in cofactor arrangement between photosystem I and the bacterial reaction center. In 
photosystem I structure, a tyrosyl residue of the core proteins forms a hydrogen bond with 
the Ao chlorophyll molecule. To test the significance of this H-bond and to examine the 
assignment of Ao in the structure of photosystem I, we replaced the tyrosyl residue (Tvr667) 
with Ala or Phe in the PsaB protein of photosystem I. Replacement of Tyr667 with Ala 
resulted in reduced cellular levels of photosystem I proteins, but conservative mutation to 
Phe did not affect assembly and accumulation of photosystem I in the membranes. The 
absorption spectrum of P700 and the EPR signal due to photoaccumulated At center are not 
perturbed significantly in the mutant complexes. In contrast, the absorption maximum of Ao 
is red-shifted by 3 nm, yet not altering the Ao to At electron transfer rate noticeably. These 
results demonstrate that the chlorophyll assigned to be the Ao chlorophyll in the structure of 
1 This work is supported by grants from the National Science Foundation (MCB 0078264 to PRC: MCB 
9723661 to JHG; MCB 9904612 to WS). Journal Paper No. J-xxxx of the Iowa Agriculture and Home 
Economics Experiment Station, Ames, Iowa. Project No. 3416 and supported by Hatch Act and State of Iowa 
funds. 
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photosystem I is indeed Ao. These results also reveal the importance of a hydrogen bond in 
determining spectroscopic properties of the Ao chlorophyll molecule of photosystem I. 
Introduction2 
In many proteins with organic and inorganic cofactors, the protein environment 
modulates properties of the cofactor. This is also applicable to photosynthetic reaction 
centers, which contain diverse cofactors. Many of these chemically identical cofactors have 
distinct spectroscopic and functional properties. For example, photosystem I (PS I), the light-
driven ferredoxin-plastocyanin oxidoreductase of oxygenic photosynthetic electron transfer 
system, contains 96 chlorophyll a molecules, which form several distinct pools (1-3). Six of 
these chlorophyll a molecules participate in electron transfer process whereas the others 
function in harvesting light and transfer of excitation energy. Most of these chlorophyll 
molecules are chemical indistinguishable, yet have different spectral characteristics and 
functions. The structural determinants of distinct properties of these chlorophyll a molecules 
are not understood. 
When a photon is absorbed by one of the antenna chlorophyll molecules of PS I. the 
excitation energy is delocalized over the antenna, finally being transferred to the special pair 
of chlorophyll a molecules that form the P700 reaction center. Donation of an electron by 
excited P700* to the primary acceptor Ao leads to charge separation. Upon the transfer of an 
electron from the excited P700*, the primary acceptor Ao is reduced to an anion form. The 
reduced Ao donates electrons to a phylloquinone molecule (AO, which in turn reduces the 
Fe^S^ cluster Fx. The subsequent transfer of electrons through two Fe^S^ clusters FA and Fg 
leads to reduction of ferredoxin. The electron transfer chain from P700 to Fx is coordinated 
by the PsaA and PsaB proteins of PS I. The terminal electron transfer centers FA and FQ are 
bound to PsaC, which is a 8-kDa peripheral protein. 
2 Abbreviations: Ao, the primary electron acceptor in PS I; A,, the phylloquinone secondary acceptor EPR, 
electron paramagnetic resonance; fwhm, full width at half maximum; PS I (II), photosystem I (II); P700, the 
primary donor special pair chlorophylls in PS I; P700*, electronically excited P700; P700\ oxidized P700; 
PCR, polymerase chain reaction; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; 
RWT, recovered wild type, Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine, WT, wild type. 
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Recently cyanobacterial PS I complexes have been studied by X-ray crystallography 
and a structural model at 2.5 Â resolution has been published (1). According to this structure, 
PS I is a pseudo-symmetrical pigment-protein complex. A coupled pair of chlorophyll a 
molecules is centrally located in the structure of the complex. This chlorophyll pair has been 
designated as the P700 reaction center. Four additional chlorophyll a molecules are 
organized in two symmetrical branches that initiate from the P700 chlorophyll pair. Of these, 
the proximal pair of chlorophyll a molecules has been proposed to function as accessory 
chlorophylls (A). These molecules have not been detected spectroscopically and. therefore, 
their role in electron and exciton transfer is not yet demonstrated. One or both of the distal 
two chlorophyll a molecules have been assigned as the primary electron acceptor Ao. 
Correlation between the chlorophyll molecules that are presumed to be Ao in the structure 
and the Ao signal that is defined in spectroscopic studies is not yet demonstrated. The 
annihilation artifacts because of the large PS I core antenna size require deduction spectral 
changes due to accumulated Ao" from difference spectroscopy (4-7). In these investigations, 
differences in the time-resolved absorption changes in open and closed reaction centers 
(P700 and P700+, respectively) are used to derive early events in electron transfer (5,8). 
Using this approach, Ao*-Ao can be seen as the light-induced bleaching around 690 and 430 
nm and absorption increase at 760 and 460 run (7). Time-resolved kinetic experiments have 
shown that the spectrum of reduced Ao with a bleaching at 686-688 nm can be observed 
when high intensity light flashes are used. These optical experiments and EPR measurements 
at cryogenic temperatures have indicated that Ao is a chlorophyll a (9,10). The structure of 
PS I has supported the identification of Ao as a monomeric form of chlorophyll a. 
To understand the role of protein structure in determining properties of redox centers in 
PS I, we have embarked on the mutational analysis of PS 1. For this purpose, we use the 
cyanobacterium Synechocystis sp. PCC 6803 as a model organism. Gene deletions, 
replacements and other molecular genetic manipulations can be performed conveniently in 
this cyanobacterial species, thus allowing deletion and site-directed mutagenesis of non­
essential proteins. This cyanobacterial species can be grown under photoheterotrophic and 
light-activated heterotrophic conditions, thereby enabling isolation of photosynthetic 
mutants. Site-directed mutations in this cyanobacterium and in the alga Chlamydomonas 
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reinhardtii have been used extensively for demonstrating the functional significance of the 
ligands of the P700, Ai, Fx, FA and FB centers of PS I (2). Here we report site-directed 
mutations in a residue that interacts with the chlorophyll molecule that is considered Ao in 
the structure of PS I (1). The Ao chlorophyll molecules interact with the surrounding protein 
environment in two prominent ways (1). First, the Mg2+ of chlorophyll a molecule is 
coordinated by S atoms of Met659 in PsaB or Met684 in PsaA (residue numbers as in the 
proteins of Synechocystis sp. PCC 6803). This mode of coordination is unique and could 
contribute to unusually low redox potential of Ao. Second, the keto oxygen of rings V of the 
chlorophyll a molecules form H-bonds with the hydroxyl oxygen of tyrosyl molecules in 
PsaA and PsaB (Fig. 1). In this paper, we report generation and characterization of site-
directed mutations in the tyrosyl residue (Tyr667 in the PsaB protein of Synechocystis sp. 
PCC 6803) that is expected to form a H-bond to a chlorophyll a molecule at the Ao position 
in the PS I structure. The phenotype of these mutants demonstrate that Ao is assigned 
correctly in the crystal structure of PS I and provide the first evidence for the role of an H-
bond in determining properties of the Ao primary acceptor of PS I. 
Experimental Procedures 
Mutagenesis—The plasmid pGEM-3C+ contains the C-terminal region of the psaB 
gene, resistance genes for chloramphenicol and ampicillin, and 760-bp region downstream of 
the psaB gene. A PCR-based method was used to generate the mutant recombinant DNAs 
using pGEM-3C+ as a template. The oligonucleotides that were used to engineer the mutant 
DNAs are 5'-TCTTG CCAGG CACCC CGC-3' (for Y667A mutation) and 5'-ACTCT 
TGCCA GAAAC CCCGC CAAG-3' (for Y667F substitution). To clone the amplified DNA. 
the final PCR product was digested with Eag I and Apa I and ligated into pGEM-3C+ that 
had been digested with the same enzymes. The amplified regions were sequenced completely 
to ensure fidelity of Taq DNA polymerase. The DNAs of these recombinant plasmids were 
used to transform the recipient strain PCRTAB. In this strain, an 1176-bp region of the psaB 
gene (corresponding to the C-terminal half of the protein) is replaced by the kanamycin-
resistance cassette. The transformation and selection of transformants were performed under 
low light intensity (2-3 (imoles m*2 s*1) at 30°C according to the reference (11). The 
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chloramphenicol-resistant transformants were selected, segregated for three generations and 
replica-plated to confirm the absence of kanamycin-resistance gene. After segregation, 
genomic DNA was isolated from the mutant strains. The fragments containing the mutated 
sites were amplified by PCR and were sequenced to confirm the mutations. The pGEM-3C+ 
plasmid with the wild type gene was introduced back into the recipient strain PCRTAB to 
generate the recovered wild type (RWT), which serves as a positive control for these studies. 
Physiological and biochemical characterization—Growth of cultures was monitored 
by measuring the absorbance at 730 nm (A730). The mutant, recipient and RWT strains were 
cultured in the BG11 medium with 5 mM glucose under 2-3 (imoles m"2 s"1 light and were 
harvested when the cultures reached approximately 0.8 A^o/ml. To start a growth 
experiment, cells of actively growing cultures were centrifuged at 4000Xg and the pellet was 
suspended in BG11 medium. The centrifugation-resuspension procedure was repeated three 
times to remove all glucose from outside the cells. Cultures were shaken constantly at 120 
rpm under different light intensities at 30°C with or without glucose. 
Isolation of thylakoid membranes and measurement of chlorophyll content were 
performed according previously published methods (12). Light-driven PS I-mediated electron 
transport from 3,6 diamine durene to methyl viologen was monitored using a Clark type 
oxygen electrode (Hansatech, England) and used to examine electron transport activity of PS 
I (12). The PS I activity in the membranes was also determined with NADP+ photoreduction 
assay using cytochrome and ferredoxin as electron donor and acceptor, respectively (12). 
PS II activity was measured as the light-driven oxygen evolution, in which electrons are 
transferred from water to p-benzoquinone via the PS II complex (13). Accumulation of PS I 
proteins was examined by analytical SDS-PAGE and immunodetection with 
chemiluminescence (14). The primary antibodies for detection of PS I proteins have been 
described previously (12). PS I trimers from the wild type (WT), RWT, Y667A and Y667F 
strains were isolated from sucrose gradients according to the reference (15). 
Absorption spectroscopy—All room-temperature absorption spectra were obtained on a 
Perkin-EImer Lambda 3B UV-visible spectrophotometer and digitized in a personal 
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computer according to the previously published method (16). Spectral manipulations 
(renormalization, subtraction, etc.) were performed with Spectra-Solve software (Ames 
Photonics, Ames, IA). Sample volumes were typically 120 pi in a cell with 1-mm path-
length. The buffer spectra were featureless in the visible region. 
Fluorescence spectroscopy—The PS I trimers were diluted in 2:1 water-glycerol mix 
to -0.2 absorbance (per 1 cm). The trimers were then placed into transparent plastic 0.6 mL 
microcentrifuge tube and cooled down to 77K by immersing it into a liquid nitrogen glass 
cryostat. The Fluoromax 2 was then used to measure fluorescence spectra of various samples 
according to the previously published method (16). The excitation wavelength was 660 nm. 
Q-band CW EPR spectroscopy—Photoaccumulation experiments were performed 
using a Bruker ER300E spectrometer equipped with an ER 5106-QT resonator, which had an 
opening for in-cavity illumination. Low temperatures were maintained with an ER4118CV 
liquid nitrogen cryostat and an ER4121 temperature controller. The microwave frequency 
was measured with a Hewlett-Packard 5352B frequency counter and the magnetic field was 
measured with a Bruker ER035M NMR Gaussmeter. Prior to the photoaccumulation, the pH 
of the sample was adjusted to 10.0 with 1.0 M glycine buffer, and sodium dithionite was 
added to a final concentration of 50 mM. After incubation for 10 min in the dark, the sample 
was placed into the resonator and the temperature was adjusted to 210 K. The sample was 
illuminated with a 20mW He-Ne laser (630 nm) for 30 minutes. The dark background was 
subtracted from the photoaccumulated spectra. 
Ultrafast spectroscopy—The optical pump-probe spectroscopy system has been 
described in detail elsewhere (17,18). Sample absorption was probed with broadband 
continuum light pulses generated in a sapphire plate; cross-correlations between the pump 
and probe pulses were typically 100-200 fs fwhm. Continuum pulses were split into signal 
and reference beams, dispersed in an Oriel MS257 imaging monochromator operated at ~3 
nm bandpass, and directed onto separate Hamamatsu S3071 Si pin photodiodes. In the 
Stanford Research Systems SR250 boxcar integrators, noise performance was near shot 
noise-limited; the rms noise in dA was ~10*5 for 1 sec accumulation time. Operation in the 
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annihilation-free regime was ensured by control experiments in which the pump power was 
varied; all experiments were performed at room temperature. Unless otherwise specified, the 
pump and probe polarizations were separated by 54.7°. 
(P700+ - P700) spectra—All PS I samples contained 20 mM sodium ascorbate. As 
shown by Savikhin et al. (2000) (17), samples in experiments conducted in total darkness 
contained predominantly open reaction centers; continuous illumination of the sample cell by 
a 3V flashlight bulb yielded samples in which the reaction centers were almost exclusively 
closed. Steady-state absorption spectra of PS I samples with open and closed reaction centers 
were accumulated in a Perkin-Elmer Lambda 3B spectrophotometer. Modification of a 
spectrophotometer for low-noise measurement of absorbance in samples with closed reaction 
centers has been described previously by Savikhin et al. (1999) (18). 
Results 
Physiological characterization of the Ao mutant strains 
Cellular chlorophyll content was determined for the RWT and mutant cells that had 
been cultured under normal light intensity of about 40 jimol m"2 s"1 (Table I). The mutants 
Y667A and Y667F have 34% and 93% of the RWT level of the cellular chlorophyll content, 
respectively. Since PS I is the major chlorophyll-containing complex in cyanobacterial cells, 
the decreased chlorophyll content in the Y667A mutant indicated reduced levels of PS I in 
the membranes of the mutant cells. To examine growth differences caused by mutations, the 
mutant strains were transferred on BG11 plates without glucose. The mutant Y667A could 
not form visible colonies on these plates whereas the Y667F mutant as well as the RWT cells 
could form colonies. Since these observations indicated an effect of mutations on cell 
growth, we studied the culture growth quantitatively. The RWT, Ao mutants and PCRTAB 
cells were cultured under photoautotrophic and photoheterotrophic growth conditions with 
different light intensities. Under low light intensity (2-3 (imoles m"2 s"1) and with glucose in 
the medium, the RWT and Ao mutants could grow with similar doubling times (Table II). 
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Under these conditions, heterotrophy is the major energy acquisition mode. Therefore, the 
respiratory electron transport rates in the mutant strains are sufficient to sustain a normal 
heterotrophic growth. The photoautotrophic (without glucose) and photomixotrophic (with 
glucose and light) growth of the Y667F strain was similar to that of RWT under normal 
intensity (40 jimoles m"2 s"1) and high (160 gmoles m"2 s"1) light intensities. In contrast, the 
Y667A mutant could not grow with 40 jimoles m"2 s"1 or higher light intensity, even when 
glucose was present in the medium. Therefore, the replacement of Tyr667 with a non-
aromatic residue results in functional limitation that prohibits phototrophic growth. 
We used oxygen uptake or evolution measurements to assess the physiological impact 
of the mutations on the photosynthetic activity of the Ao mutant strains. Thylakoid 
membranes were used in the measurements of electron transport activities, which were 
normalized on an equal cell basis (Table II). The PS II activity was measured by oxygen 
evolution in which benzoquinone is used as an electron acceptor of PS II. Y667A and Y667F 
membranes have 71.2% and 98.7% of PS II activities of the RWT membranes, respectively. 
The PS I activity was monitored by oxygen uptake in which electrons are donated by 3,6 
diamino durene and finally accepted by methyl viologen through the PS I complex. The PS I 
activity of the Y667A mutant decreases dramatically, only 17% of the RWT. The Y667F has 
approximately same PS I activity as the RWT. The reductase activities of PS I the mutant 
membranes were measured as ferredoxin-mediated NADPT photoreduction. In these 
measurements, we used the in vivo electron donor and acceptor of PS I complex (cytochrome 
ce and ferredoxin, respectively). The PS I reductase activities of the Y667A and Y667F 
thylakoid membranes are showed in Table HI. These activities show similar trends as those 
of oxygen uptake measurements. The Y667A mutation results in a drastic decrease in PS I 
activity, which is more than the decrease in the cellular cellular chlorophyll content. 
Therefore, the Y667A mutation may not only decrease PSI abundance in the cell, but may 
also reduce the activity of PS I complexes that are present in the membranes. 
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Accumulation of PS I proteins in thylakoid membranes of the mutant strains. 
Western blotting was performed to estimate the steady state level of the PS I subunitsin 
the thylakoid membranes using the polyclonal antibodies against PsaB, PsaC or PsaL (Figure 
2, Panel A). These antibodies typically give linear signal intensity increase over a wide range 
of protein amounts and therefore are suitable for semi-quantitative estimation (data not 
shown). As expected, western blotting showed that the PsaB, PsaC and PsaL subunits could 
not be detected in the thylakoid membranes of the PCRTAB strain. The Y667A membranes 
had approximately 10% of the RWT levels of PsaC and PsaL whereas the Y667F thylakoids 
have approximately similar amounts of these two subunits as compared to the RWT 
membranes. The results indicate that the disruptive replacement of Tyr667 by Ala greatly 
reduces accumulation of PS I complex whereas the conservative replacement of Tyr667 
maintains near-normal PS I levels in the thylakoid membranes of the mutant strain. To 
examine the polypeptide composition of the purified PS I complexes, we resolved the 
proteins of PS I complexes by SDS-PAGE and visualized them by staining with Coommassie 
blue (Figure 2, Panel B). The relative amounts of different subunits in the purified PS I 
complexes were similar in the wild type and Y667F mutant. Similarly, there was no 
indication of degraded proteins in the purified PS I complexes. The disruptive mutation 
Y667A reduces the level of PS I complexes in the membranes,but the assembled intact PS I 
complexes can be purified from the membranes of Y667A. However, the absorption 
spectrum of the purified Y667A PS I complexes is different from that of the RWT 
complexes. It suggests that there might be conformational change in Y667A PS I complexes. 
Thus the PS I complexes from Y667A mutant are not used in the further biophysical 
characterization. These purified PS I trimers of the wild type, RWT and Y667F were used for 
biophysical studies. 
P700 structure is not strongly perturbed by the PsaB-Y667F mutation 
The electronic absorption spectrum of Y667F PS I complexes in the chlorophyll a Qy 
spectral region (640 - 720 nm) is nearly superimposable upon that of wild-type PS I trimers 
(Figure 3). Hence, the spectral distribution of antenna chlorophyll absorption wavelengths in 
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the Y667F mutant is essentially the same as in the wild type. The very small deviations 
(~1%) of the mutant spectrum from the wild type spectrum are highlighted in the respective 
(P700+ - P700) absorption difference spectra, which are shown in Figure 4. These difference 
spectra are dominated by the 30 nm wide photobleaching of the P700 absorption band, 
combined with P700+ absorption features at -690 nm and -800 nm. The 690 nm band (~11 
nm fwhm) arises from the neutral monomeric chlorophyll a (C690), which emerges from 
P700 when one of the pigments in this special pair becomes oxidized. The very broad 800 
nm absorption band (which is due to the ChT portion of P7003 exhibits relatively low 
amplitudes between 680 and 700 nm. While the difference between the Y667F and wild-type 
(P700+ - P700) absorption difference spectra is small, it lies well outside of experimental 
error. In our experience, the only other PsaB mutants displaying markedly non-native 
difference spectra have been the ones targeting either P700 itself (H651C) or one of the 
accessory chlorophylls (N582Q). The deviations of the H651C and N582Q spectra (not 
shown) from the WT spectrum are considerably larger than for Y667F. This is consistent 
with the proposed assignments of the Ao chlorophylls in the X-ray structure, because these 
difference spectra are sensitive primarily to changes in the P700 environment: the accessory 
chlorophylls are far closer to P700 than the Ao chlorophylls (-11 Â and -20 À center-center 
separations, respectively). Figure 2 indicates that the Y667F mutation only slightly 
influences the immediate surroundings of P700. 
The 77 K. fluorescence spectrum of the Y667F mutant coincides with the wild-type 
spectrum within error (Figure 5). This low-temperature fluorescence, which peaks near 720 
nm, stems from a far-red antenna chlorophyll a species (C7I4) with a vibrationless Qy 
transition at 714 nm. The location of the C714 Chl(s) in the X-ray structure is unknown. 
While the C714 Chl(s) may be situated near the reaction center, the antenna chlorophylls 
closest to the reaction center are at least 20 Â distant from either the P700 and the Ao Chls. 
Hence, this site-directed reaction center mutation is not expected to influence the low-
temperature fluorescence spectrum. 
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The PsaB-Y667F mutation does not alter photoaccumulated At EPR spectrum in PS I 
complexes 
It has been suggested that the Y667-W668 pair on PsaB may be involved in 
interactions with the phylloquinone. Electron-nuclear double resonance (ENDOR) studies of 
PS I shows that W668 interacts with the EPR-active phylloquinone, probably via IC-TC 
stacking. Indeed, when Trp668 is changed to Phe by site directed mutagenesis, PS I 
complexes show altered backreaction kinetics from [FA/FB]" to P70(F as well as an altered 
photoaccumulated semiquinone EPR signal of A|\ To examine the effects of a mutation in 
Y667 on the electron transfer properties of PS I, the Af radical was photoaccumulated at 210 
K. and measured by Q-band EPR spectroscopy. The semiphylloquinone radical in PS I 
typically shows an anisotropic 24 Gauss-wide resonance (at 34 GHz) with four prominent 
hyperfine lines from the methyl group at position 2 of the aromatic ring (19). As shown in 
Figure 6, the Y667F mutant shows a photoaccumulated EPR signal nearly identical to wild 
type. Moreover, spin quantitations show that there is ca. 1 spin of At' photoaccumulated per 
P700 in this mutant, a value similar to the wild type. Therefore, we can conclude that a 
change from tyrosine to phenylalanine in residue 667 does not alter the electronic properties 
of the At acceptor. 
The Ao electronic absorption spectrum is influenced directly by the PsaB-Y667F mutation 
The transient (Ao" - Ao) absorption difference spectrum was obtained by exciting PS I 
samples at 660 nm (which pumps the blue edge of the core antenna spectrum) and sweeping 
the probe wavelength from 660 to 720 nm at fixed time delays (Figure 7). In order to isolate 
the reaction center spectral changes from the antenna processes, transient spectra for closed 
reaction centers were subtracted from the corresponding spectra for open reaction centers, 
resulting in (open-closed) absorption difference spectra (or AAA spectra). Since the 
excitation trapping time (~23 ps in Synechocystis sp.) is nearly independent of P700 
oxidation state, this procedure essentially cancels the antenna energy transfer dynamics, and 
isolates spectral changes due to the reaction center events [references to Blankenship and our 
2001]. For WT PS I complexes (Fig. 6B), the transient AAA spectrum at 200 ps closely 
resembles the steady-state (P7001" - P700) absorption difference spectrum (Figure 3), because 
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Ai is reduced within 20-50 ps after excitation, and because A, and the subsequent cofactors 
Fx, FA/B in the electron transfer chain do not absorb in this spectral region. As in the case of 
the steady-state (P700+ - P700) absorption differenence profile, this spectrum is dominated 
by the photobleaching (PB) of the P700 band (30 nm fwhm) centered at -700 nm, combined 
with a C690 absorption spectrum that exhibits a sharp (11 nm fwhm) peak at 691 nm. At 8 
ps, when a substantial fraction of the reaction centers exist as P700+A<fA| rather than 
P700+AoA|~, the transient spectrum shows an additional sharp (-12 nm fwhm) bleaching 
band centered near 685 nm. Several groups have reported similar bands near 685 nm 
attributed to the bleaching of the Ao spectrum, and we assign it to the Qy electonic transition 
in the primary acceptor. The subtraction of 8 ps spectrum from that measured at 200 ps 
(Figure 7, Panel C) reveals that this band is accompanied by a weak additional absorption at 
wavelengths above 700 nm, which arises due to the broadband red-shifted absorption of the 
reduced Ao*. The gaussian fit to this AAA A spectrum (Figure 7, Panel C, solid line) reveals 
that the position and width of Ao band in WT PS I are 686 nm and 12 nm, respectively. 
Similar Ao band positions (686 ± 1 nm) were found in two site-directed reaction center 
mutants targeting At binding sites: the PsaA S688C mutant, and the PsaB S663C mutant (not 
shown). 
Figure 7 (Panel A) shows the AAA transient absorption difference spectra at 8 and 200 
ps for the Y667F mutant. The (P700*r - P700) spectrum at 200 ps resembles that for the WT 
PS I complexes; it is not identical to the WT spectrum because the steady-state (P700* -
P700) spectra for the WT and Y667F PS I complexes do not coincide perfectly. However, the 
8 ps spectrum differs from that in wt considerably - the additional PB peak at -685 nm is 
much weaker in the mutant. The subtraction of the 8 ps profile from 200 ps profile (Figure 7, 
panel C) reveals that this occurs not because of the change in the intensity of Ao bleaching, 
but due to the ~3nm red shift of Ao band in respect to WT, which is located at 689.2 nm in 
the mutant, and therefore is almost cancelled at 8 ps by the emerging C690 absorption. This 
red shift is likely a consequence of replacing tyrosine with phenylalanine as the residue that 
ligands the Ao cofactor. It supports the assignment of the Y667 residue as the PsaB Ao 
binding site, and it indicates that at least a significant fraction of the electron transfer events 
in PS I occur through the primary electron acceptor on the PsaB side. 
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Kinetics of absorption changes 
The effects of Y667F mutation on spectral characteristics of Ao prompted us to 
investigate the possible changes in the primary charge separation rate P700*AoAi -» 
P700+Ao"At (* denotes electronic excitation) and in the secondary electron transfer rate 
P700+Ao*Ai —> P700+AoAi". Recently, we were able to extract these rates for the intact PS I 
WT complexes by globally analyzing (open-closed) absorption difference profiles as a 
function of time and probe wavelength. This analysis revealed that the primary charge 
separation in PS I RC occurs in -1.3 ps, and the secondary electron transfer rate is ~13ps, 
with the error margins being 0...3 ps and 8... 14 ps correspondingly. We performed similar 
measurements and data analysis for the Y667F mutant. As an example, Figure 8 shows the 
(open-closed) profiles measured at the probe wavelength 690 nm for WT and Y667F mutant. 
At this particular wavelength the signal at early times is dominated by growing 
photobleaching as the result of Ao" state formation, and is later superseded by absorption as 
the electron is transferred from Ao" to A, and the C690 absorbance becomes the major 
contributor (see also Figure 7, 8ps and 200ps profiles). Since the electronic excitation 
transfer time from antenna to the reaction center (23 ps) is significantly longer that these first 
electron transfer steps, the PB rise time in the 690 nm profile is determined by the shorter, 
electron transfer time, while the tail reflects the overall 23 ps lifetime of the antenna. Within 
experimental error, the kinetic parameters of the absorption changes are the same for WT and 
mutant, apart from the final residual absorption, which is lower in the mutant due to the 
differences in the P700* spectra (compare 200 ps profiles in Figure 7). Similar agreement 
between (open-closed) absorption difference profiles for Y667F mutant and WT was 
observed at other probe wavelengths (not shown), indicating that the hydrogen bond 
provided by Tyr667 residue is not an important factor for the electron transfer properties of 
the Ao. Our independent global analysis of absorption difference profiles for Y667F 
complexes with open reaction centers also confirms that electronic excitation transfer time 
from antenna to RC is not affected in this mutant. 
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Discussion 
Structure of cyanobacterial PS I complex at 2.5 Â resolution has revealed the 
arrangement of six chlorophyll molecules, two phylloquinones and three Fe^-S^ clusters that 
make the electron transfer chain in the complex (1). In this structure, the chrorophyll 
molecules that are at analogous positions as the primary acceptor in the bacterial reaction 
center have been assigned as Ao. The results reported here provide the first experimental 
evidence that the chlorophyll molecules that are assumed to be Ao in the crystal structure are 
indeed Ao primary acceptor that is defined by spectroscopists. In the mutant PS I complexes 
in which an H-bond to a proposed Ao chlorophyll molecule is removed, the photobleached Qy 
band of Ao red-shifted by ~ 3 nm from the wild-type spectrum. This change is consistent with 
the structural information; the H-bond in positioned in the Qy orientation. 
Correct binding of PS I cofactors to their pocket is essential to maintain the structure 
of PS I. Any single residue change in the binding pockets could lead to improper folding and 
destruction of the PS I complex. The detail Ao binding pocket is determined by the newest 
2.5 Â structure (I). There are two major interactions between Ao and proteins. First, Ao is 
liganded by the sulfur atom of methionine residues ofPsaA or PsaB. Second, Ao is hydrogen-
bonded by hydroxyl group of tyrosine residue of PsaA or PsaB. The replacement of the 
tyrosyl residue of PsaB, as reported here, indicates that the aromatic residues: tyrosine or 
phenyalanine, are required to maintain correct binding of Ao to the pocket. In the Y667A 
mutant, a single non-conservative mutation almost diminishes accumulation of PS I complex 
to approximate 10% of the RWT levels. The absorption spectrum of isolated PS 1 complex of 
Y677A is different from WT and photoaccumulated At spectrum could not be observed by 
Q-band EPR of the Y667A mutant PS I complexes (data not shown). These observations 
suggest a structural change in the PS I of the Y667A mutant. Effect of this mutation on A, 
could be because of the vicinity of this residue to W668, which has n-K interaction with the 
phylloquinone. In contrast, a conservative replacement of Y667 with a phenylalanine does 
not affect the architecture of PS I noticeably. 
The biophysical properties of Ao, such as the unique absorption differences upon 
reduction and very low mid point potential (-105 mV) are because of the interactions 
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between chlorophyll molecules with their protein environment. Any change in these 
interactions would alter the biophysical properties of Ao. The results from Rhodobacter 
spaeroides indicate that the alteration of hydrogen bonding could affect spectroscopic 
property of reaction center and there is correlation between multiple hydrogen bonding and 
mid point potential (20). In PS I reaction centers, we report here that the Qy component of 
the Ao difference spectrum shifts by 3 nm to the red in the Y667F mutant complexes. One 
way to estimate mid point potential is from electron transfer rates. We determined the 
electron transfer rate from P700 to A| and observed only small differences from the wild 
type, i.e. in both mutant and WT the primary charge separation and the secondary electron 
transfer are < 3ps and 8...14 ps correspondingly (Figure 8). The backreaction kinetics from 
FA/FB to P700"r in the mutant complexes also shows similar kinetics as that in the wild type 
complexes (data not show). Therefore, this mutation affects only the difference spectrum due 
to the reduction of Ao, but not the kinetics of electron transfer through Ao. The reason for this 
observation may be because of the existence of two branches for electron transfer between 
P700 and Fx. It is not clear which chain is active or both branches are active in electron 
transfer. However, even though the mutation removed H-bonding only for the chlorophyll 
molecule bonded to PsaB, we could not see two peaks or a broad peak due to Ao reduction. 
Therefore, a likely explanation for the absence of effect on the electron transfer rate is the 
inability to resolve small changes in electron transfer rates by our methods. 
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Figure Legends 
FIG. 1. An hydrogen bond between Tyr667 and A0 on the PsaB side. The structural 
model was generated from the coordinates from Jordon et al. (2001). 
FIG. 2. A. Western blot analysis of the thylakoid membranes from the wild type 
and mutant strains. Membranes were analyzed by Tricine/urea/SDS-PAGE and Western 
blotting with subunit-specific antibodies. The immunodetection was visualized using 
enhanced chemiluminescence. B. Protein composition of the wild type and mutant PS I 
complexes. Proteins from the purified PS I complexes were resolved by Tricine-SDS-PAGE 
and visualized by Coomassie blue staining. 
FIG. 3. Absorption spectra of WT and Y667F PS I complexes. Spectra were obtained 
at room temperature on PS I complexes and were normalized as described previously. 
FIG. 4. Steady-state (P700+ - P700) absorption difference spectra for Y667F 
mutant PS I (solid curve) and WT PS I (dashed curve). PS I samples with 20 mM sodium 
ascorbate were used to obtain difference spectra as described previously. 
FIG. 5. Fluorescence emission spectra of WT and Y667F PS I complexes. PS I 
samples at 1 ug chlorophyll per ml concentration were excited at 660 nm and emission 
spectra were recorded. These spectra were normalized as described previously. Fluorescence 
intensity is in arbitrary units; fluorescence maximum occurs near 720 nm. 
FIG. 6. Photoaccumulated EPR spectrum of A, in PS I trimers isolated from the 
wild type (top) and Y677F mutant (bottom). EPR conditions: temperature 210 EC: 1 mW 
microwave power; 100 KHz modulation frequency; 1 G modulation amplitude. The signal 
represents the average of 40 scans. 
FIG. 7. Experimental (Open - closed) transient absorption difference spectra at 
fixed time delays for WT and Y667F PS I. The complexes were excited at 660 nm. The 
vertical coordinates are labeled with AAA to indicate that these are difference-difference 
profiles. A. Transient spectra at 8 ps and 200 ps for WT. B. Transient spectra at 8 ps and 200 
ps for Y667F. C. Ao spectra for WT and Y667F PS I complexes. 
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FIG. 8. Kinetics of absorption difference changes at 690 nm for WT and Y667F PS 
I complexes. Time-resolved (open-closed) absorption difference profiles for PS I complexes 
were probed at 690 nm after excitation at 660 nm. Absorption difference scales are absolute 
under the given experimental conditions. The vertical coordinates are labeled with AAA to 
indicate that these are difference-difference profiles. 
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TABLE I 
Physiological characterization of the cells of the Ao mutants 
Chlorophyll Doubling Time2 (h) 
Strains content1 (|ig With Glucose Without Glucose 
ODtjo'1 ml'1) Low Normal High Normal light3 High light3 
light3 light3 light3 
RWT 3.54±0.08 25 17 15 40 62 
Y667A l.22±0.05 40 - - - -
Y667F 3.30±0.07 26 17 16 45 69 
Chlorophyll concentration was measured using the strains, which were cultured 
under normal light. 
indicates that the strains died or did not grow. The PCRTAB recipient strain 
does not grow under these conditions. 
3
. Low, normal and high light intensities were 2-3, 40, and 160 jimol m*2 s"1. 
respectively. 
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TABLEN 
Biochemical characterization of the thylakoid membranes of the Ao mutants 
Strains PS I Photosynthetic Activity PS II Photosynthetic 
Activity (nmol 
O:*OD730'W) 3,6 diamine durene to 
methyl viologen 
(nmol O2eOD730'l*h'1) 
Cytochrome c6 to 
ferredoxin (nmol 
NADPHeOD^'eh1) 
RWT 100 100 100 
(-405) (70) (287) 
Y667A 18 6 71 
Y667F 98 96 99 
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CHAPTER 6. ELECTRON TRANSFER THROUGH THE QUINONE 
ELECTRON ACCEPTOR IN PHOTOSYSTEM I 
A paper to be submitted to Journal of Biological Chemistry 
Wu Xu, Boris Zybailov, Art van der Est, Julia Pushkar, Stephan G. Zech, Dietmar Stehlik, 
John H. Golbeck, Parag R. Chitnis1 
Summary 
Phylloquinone functions as the secondary electron transfer acceptor in photosystem I. 
There are two phylloquinones symmetically-located in the QK-A and QK-B binding sites and 
it is not clear whether electron transfer is unidirectional along one branch or bidirectional 
along both branches {i.e. through QK-A and QK-B) through photosystem I. We address this 
question using the site-directed mutagenesis strategy followed by physiological, biochemical 
and biophysical characterization. Cellular level analysis showed that both PsaA-W693 and 
PsaB-W668F had the distinct photoautotrophic growth rate from the recovered wild-type 
while the data from PsaA-S688C were slightly different and data from PsaB-S663C were 
almost identical compared to the recovered wild-type. Functional analysis on thylakoid 
membrane level revealed that both Trp -> Phe mutants have reduced photosystem I activities, 
part of which might be due to the reduced photosystem I level in thylakoid membranes 
examined by Western analysis. Ser -» Cys in PsaA had a defect on photosystem I activity 
whereas Ser -» Cys in PsaB was similar to the recovered wild-type. Both Ser -> Cys muatnts 
accumulated the no distinct photosystem I complex by Western analysis on thylakoid 
membranes. EPR measurements on the Trp -» Phe and Ser —» Cys purified mutated 
photosystem I on both sides indicate that the phylloquinone on PsaA side is active. There are 
no any indications that the phylloquinone on PsaB side is active. However, backreaction 
kinetics from [FA/FB]" to P700+ on both Trp —> Phe mutants showed that both phylloquinones 
function in photosystem I, which is contradict to the EPR results. The forward electron 
transfer is being investigated by optical kinetics measurements with higher time resolution. 
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Introduction 
Photosystem I (PS I) is a membrane-bound, multisubunit enzyme in plants and 
cyanobacteria; specifically, it is a light-driven plastocyaninrferredoxin oxidoreductase that 
uses the 1.78 eV in a red (700 nm) photon to drive the 800 mV thermodynamically uphill 
electron transfer between plastocyanin (£/y2 +380 mV vs Hi) and ferredoxin {E,n -420 mV vs 
HJ. The -45% conversion efficiency makes PS I an extraordinarily good transformer of light 
to chemical free energy. This efficiency is especially striking considering that the reaction 
products are stable, reduced molecules and not an electrical current that must be used in real­
time. The challenge is to discover how the secondary electron acceptors, Phylloquinone (two 
phylloquinones located in the QK-A and QK-B binding sites), Fx (an interpolypeptide [4Fe-
4S] cluster) and FA and FB (two [4Fe-4S] clusters) stabilize the charge separated state 
between the primary donor, P700\ and the primary acceptor. Ay'. 
This paper focus on the issue of whether electron transfer is unidirectional along one 
branch or bidirectional along both branches {i.e. through QK-A and QK-B) of the 
symmetrically-located electron acceptors in PS I. The problem of whether electron transfer is 
unidirectional or bidirectional has its origins in the pseudo-Ç, symmetric configuration of the 
electron transfer cofactors (Figure 1). This issue cannot be addressed by X-ray 
crystallography and can only be determined using dynamic, i.e. spectroscopic, methods. In 
PS I there is no a priori reason to believe that electron transfer must be either uni- or bi­
directional. Indeed, there is no obvious need for one-electron Q^-type and for a 2-electron 
Qs-type quinone as in PS H. Hence, a bidirectional pathway of electron transfer can easily be 
envisioned. Alternately, the 2.5 Â electron density map of PS I shows that there are subtle 
but important differences in the distances, orientations, and environments of the cofactors 
along both branches, and since rates of electron transfer are sensitive to these parameters 
[Moser, 1992 #6421], the probability that both branches are equivalent is negligible. Thus, a 
unidirectional pathway of electron transfer can be equally envisioned. Spectroscopic 
indicators have so far failed to show any evidence for directionality of electron transfer in PS 
1 To whom correspondence should be addressed. Tel: 515-294-1657; Fax: 515-294-0453: E-
mail: chitnis@iastate.edu 
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I as in the case of the bacterial reaction centers, in which the two pheophytins can be 
distinguished on the basis of their optical properties. 
The few experimental studies on the issue of directionality are thus far mutually 
incomparable. Evidence for unidirectionality is based on the photoaccumulation of Ay" 
generated in lieu of A," in PsaE and PsaE/PsaF deletion mutants of Synechococcus sp. PCC 
7002 [Yang, 1998 #7420]. Since the accumulation of A0' can occur only when the quinone is 
doubly reduced, a necessary precondition must be that the semiquinone anion becomes 
protonated prior to the second reduction step. Protonation can only occur if a water channel is 
available to the carbonyl group of the quinone, and this is proposed to result as a 
consequence of the removal of PsaF and the subsequent action of Triton X-100. On one 
extreme, if electron transfer were strictly unidirectional, then there should have been either 
0% or 100% loss of the Phylloquinone' signal depending on which branch is active. On the 
other extreme, if electron transfer were strictly bidirectional, then there should have been a 
loss of exactly 50% of the Phylloquinone" signal. If electron transfer were bidirectional but 
unequal along the two branches, then a certain fraction of the Phylloquinone" signal should 
have been lost in the PsaF mutant, depending on the ratio of electrons that use each branch. 
The loss of photoaccumulated A," and its replacement by A@' in the PsaE and PsaE/PsaF 
mutants thus implies that electron transfer is unidirectional along the quinone is associated 
with the nonprimed helices (now assigned to PsaA) on the electron density map. Evidence 
for bidirectionality is based on a rationalization of the long-known biphasic kinetics of 
Phylloquinone" oxidation [Mathis, 1988 #827] as due to electron transfer up the two different 
branches of cofactors in PS I [Joliot, 1999 #9078]. This interpretation is supported by 
mutagenesis studies that involved changing the ^-stacked Trp on the PsaA- and PsaB-
subunits of Chlamydomonas reinhardtii. A Trp->Phe mutation on the PsaB-side slowed the 
18 ns kinetic phase to 97 ns, and a Trp->Phe mutation on the PsaA-side slowed the 218 ns 
kinetic phase to 609 ns [Guergova-Kuras, 2001 #9289]. Since only the kinetics were 
changed, and not the amplitudes of the two kinetic phases, this result implies that electron 
transfer is bidirectional in PS I. An independent EPR study of PsaA-side Trp->Leu and Trp-
>His mutations in C. reinhardtii.showed a slowing of forward electron transfer as measured 
by the decay of the electron spin-polarized signal arising from the P700* A," radical pair 
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(unfortunately, there are no results reported on PsaB-side mutants) [Purton, 2001 #9262]. 
While the issue of uni- and bi-directionality issue remains unresolved among these three 
experiments, there is agreement on one point: the slow kinetic phase of electron transfer 
occurs on the quinone associated with the PsaA subunit. The relevant issues are: does the 
optical kinetic spectroscopy measured in whole cells reflect the same chemistry as the 
photoaccumulated and electron spin polarized EPR signals measured in PS I complexes; does 
the pathway differ depending on whether the organism is a prokaryotic cyanobacteria or a 
eukaryotic plant; and does the isolation of the PS I complex alter the pathway up the two 
near-symmetrical branches of electron acceptors? 
An equally important issue is whether same pathway is involved in backward electron 
transfer from [FA/FB]' to P700+. The kinetics of P700+ after a single flash represents 
dissipative charge recombination between P700> and the terminal electron acceptors [FA/FB]' 
in the absence of an acceptor such as ferredoxin or flavodoxin. It is not yet clear whether 
electron transfer is direct from [FA/FB]' to P700* or whether the electron travels backward by 
a thermally-activated uphill electron transfer through the quinone [Brettel, 1997 #7092]. The 
latter presupposes that each redox pair (Q7Q FXVFX; FX7FX <-> FBVFB; FB7FB <-> FA7FA) is 
described by an equilibrium constant that can be determined from the midpoint potentials of 
the acceptors [Shenkarev, #9351]. The large distance between P700 and the terminal iron-
sulfur clusters (46 À center-to-center distance from P700 to FA argues against the direct 
recombination mechanism, although experimental data to support thermally-activated uphill 
electron transfer have been lacking. We reason that if the charge recombination between 
[FA/Fb]" and P700+ were direct, any change in the equilibrium constant between Q7Q and FX" 
/FX should not affect the rate. However, if charge recombination between [FA/FB]' and P700+ 
were to occur through backward electron transfer, then a change in the equilibrium constant 
between Q7Q and FXYFX should affect the rate. The equilibrium constant between Q7Q and 
FX7FX would be correspondingly higher as the redox potential of Q7Q were driven more 
negative, thereby resulting in a depopulation of reduced quinone. Consequently, the 
backreaction kinetics would be slower in the mutant than the wild-type. Conversely, the 
equilibrium constant between Q7Q and FX7FX would be correspondingly lower as the redox 
potential of Q7Q were driven more positive, thereby resulting in a repopulation of reduced 
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quinone. Consequently, the backreaction kinetics in the mutant would be faster than in wild-
type PS I complexes. This is precisely the behavior observed in PS I mutants. The EPR-
detected forward electron transfer kinetics from Q to Fx becomes slower as phylloquinone (T 
= 200 ns [Bock, 1989 #122]), 2-methyI-1.^-naphthoquinone (T = 600 ns [Sakuragi, #9352]) 
and plastoquinone-9 (t = 15 ps [Semenov, 2000 #8385]) occupy the A, site. Conversely, the 
charge recombination kinetics between [FA/FB]" and P700+ becomes faster as phylloquinone 
(T = 80 ms), 2-methyl-1,4-naphthoquinone (T = 20 ms) and plastoquinone-9 (T = 3 ms) 
occupy the A, site. The trend among the wild type and the menA/menB and menG mutants 
therefore supports the backward, through-carrier route of electron transfer through the 
quinone. Therefore, any change in the redox potential of the active quinone should result in 
an alteration of the backreaction kinetics from [FA/FB]' to P700*. 
We approached these two issues by studying site-directed mutants separately in the 
Qk-A and the Qk-B binding sites on PsaA and PsaB in Synechocystis sp. PCC 6803. Our 
reasoning is that any change in the redox potential would be expected to translate to a change 
in the forward as well as backward kinetics of electron transfer to and from the altered 
quinone. The initial planning of these experiments required more structural knowledge of the 
quinone binding sites than was available in the 4 Â model of PS I [Klukas, 1999 #8199]. This 
information was provided by EPR and ENDOR studies that indicated an asymmetric H-bond 
from an unidentified amino acid, and a Trp in van der Waals contact with Phylloquinone 
[Hanley, 1997 #7042], most probably it—ic stacked [Iwaki, 1991 #609]. The ic-it-stacked Trp, 
a H-bond from the Phylloquinone carbonyl (ring position 1, adjacent to the methyl group) to 
a backbone amide from L706PiaA and L722P$aB, and the absence of a H-bond to a second 
Phylloquinone carbonyl, have recently been confirmed in the 2.5 À model of PS I [Jordan, 
2001 #9350]. Alteration of the H-bond to the quinone carbonyl will be difficult, since it is to 
an amino acid peptide backbone rather than to a side chain. However, the Trp in 7t-it_contact 
with the quinone (Figure 2) is an excellent candidate; furthermore, it is likely involved in 
modulating the redox properties to the quinone. Interestingly, a side chain oxygen of a serine 
residue is a little over 3 Â distant from the second Phylloquinone carbonyl group on both the 
PsaA and PsaB sides (ring position 4, adjacent to the phytyl chain). However, S692P^ and 
S672p*B are H-bonded to the imidazole nitrogen of the Trp residues that are in K-K contact 
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with the quinones. While the distance and the bond angle between the serine and the quinone 
argue against a second H-bond, we reasoned that the Ser residues may stabilize the Trp that 
is in Jt-7t contact with the quinone. 
Experimental Procedures 
Mutagenesis—The mutagenesis procedure to generate PsaB-W668F and PsaB-S663C 
is referred to our AQ paper. The primers used for creating PsaB-W668F and PsaB-S663C 
mutants are listed in Table I. The 1130-bp of psaA C-terminal, the region between psaA and 
psaB and the whole psaB coding region of the wild type were replaced by spectinomycin 
resistant gene cassette. This strain with partial psaA and whole psaB gene deletions is called 
the recipient strain pWX, which was designed to create site-directed phylloquinone binding 
site mutations in psaA. The 1527-bp of psaA C-terminal, the region between psaA and psaB, 
the whole psaB gene and it 760-bp downstream region of the wild type were cloned into 
pBIuscript II KS vector. A chloramphenicol resistant cassette was inserted after 3' terminator 
of psaB gene. The whole construct called pEBC, was used as template for generating site-
directed mutants in PsaA (Figure 3). The primers used for creating PsaA-W693F and PsaA-
S688C are listed in Table I. The mutations were generated using Transformer™ Site-Directed 
Mutagenesis Kit (CLONTECH Laboratoris, Inc). The mutation sites ware confirmed by 
DNA sequencing. The DNAs of these recombinant plasmids were used to transform the 
recipient strain pWX. The procedure of transformation, selection of transformants and 
segregation is the same as one for generating psaB mutations. After segregation, genomic 
DNA was isolated from the mutant strains. The fragments containing the mutated sites were 
amplified by PCR and were sequenced to confirm the mutations. The pIBC plasmid with the 
wild type gene was introduced back into the recipient strain pWX to generate the recovered 
wild type (RWT), which serves as a positive control for these studies. 
Physiological and biochemical characterization—Growth of cultures was monitored 
by measuring the absorbance at 730 nm (A%o). The mutant and RWT strains were cultured in 
the BG-11 medium with 5 mM glucose under 2-3 [imoles m"z s"1 light and were harvested 
when the cultures reached approximately 0.8 A-^/ml. To start a growth experiment, cells of 
actively growing cultures were centrifuged at 4000Xg and the pellet was suspended in BG-11 
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medium. The centrifugation-resuspension procedure was repeated three times to remove all 
glucose from outside the cells. Cultures were shaken constantly at 120 rpm under different 
light intensities at 30°C with or without glucose. 
Isolation of thylakoid membranes and measurement of chlorophyll content were 
performed according previously published methods. Light-driven PS I-mediated electron 
transport from 3,6 diamino durene to methyl viologen was monitored using a Clark type 
oxygen electrode (Hansatech, England) and used to examine electron transport activity of PS 
I. The PS I activity in the membranes was also determined with NADP1" photoreduction assay 
using cytochrome c6 and ferredoxin as electron donor and acceptor, respectively. PS II 
activity was measured as the light-driven oxygen evolution, in which electrons are 
transferred from water to p-benzoquinone via the PS II complex. Accumulation of PS I 
proteins was examined by analytical SDS-PAGE and immunodetection with 
chemiluminescence. The primary antibodies for detection of PS I proteins have been 
described previously. PS I trimers from the wild type (WT), RWT, Y667A and Y667F strains 
were isolated from sucrose gradients according to the reference. 
Absorption spectroscopy—All room-temperature absorption spectra were obtained on 
a Perkin-Elmer Lambda 3B UV-visible spectrophotometer and digitized in a personal 
computer according to the previously published method. Spectral manipulations 
(renormalization, subtraction, etc.) were performed with Spectra-Solve software (Ames 
Photonics, Ames, LA). Sample volumes were typically 120 pi in a cell with 1-mm path-
length. The buffer spectra were featureless in the visible region. 
Q-band CW EPR spectroscopy—Photoaccumulation experiments were performed 
using a Bruker ER300E spectrometer equipped with an ER 5106-QT resonator, which had an 
opening for in-cavity illumination. Low temperatures were maintained with an ER4118CV 
liquid nitrogen cryostat and an ER4121 temperature controller. The microwave frequency 
was measured with a Hewlett-Packard 5352B frequency counter and the magnetic field was 
measured with a Bruker ER035M NMR Gaussmeter. Prior to the photoaccumulation, the pH 
of the sample was adjusted to 10.0 with 1.0 M glycine buffer, and sodium dithionite was 
added to a final concentration of 50 mM. After incubation for 10 min in the dark, the sample 
was placed into the resonator and the temperature was adjusted to 210 K. The sample was 
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illuminated with a 20mW He-Ne laser (630 nm) for 30 minutes. The dark background was 
subtracted from the photoaccumulated spectra. 
Optical Kinetic Spectroscopy in the Near [R Region—Optical absorbance changes 
in the near IR were measured using a laboratory-built spectrophotometer. To ensure 
resolution of kinetics in the microseconds time domain, a high frequency roll-off 
amplifier described in the original specifications was not used, and the signal was fed 
directly into the plug-in (11A33 differential comparator, 100-MHz bandwidth) of the 
Tektronix DSA601 oscilloscope. The sample cuvette contained the PS I trimers isolated 
from the mutants at 50 |ig/ml Chi in 25 mM Tris-HCl, pH 8.3, 10 mM sodium ascorbate, 
4 fiM DCPIP, and 0.04% n-dodecyl-D-maltoside (-DM). 
Electron Spin Polarized Transient EPR Spectroscopy—Room temperature-
transient EPR experiments were carried out using a setup described in detail elsewhere. 
The samples were pumped continuously through a flat cell mounted in a Varian 
rectangular resonator equipped with a rough-surfaced glass window that scatters the laser 
light to provide a more even distribution of light intensity in the cell. Time/magnetic field 
data sets were collected using direct detection by measuring light-induced transients at 
fixed magnetic field positions over an appropriate spectral region. Decay-associated 
spectra were then generated by fitting the transients with a kinetic function and plotting 
the amplitude(s) against the magnetic field as discussed. 
Results and Discussion 
Physiological characterization of the A0 mutant strains 
Cellular chlorophyll content was determined for the RWT and mutant cells that had 
been cultured under normal light intensity of about 40 nmol m'2 s"1 (Table II). Both PsaA-
W693F and PsaB-W668F mutants have reduced the cellular chlorophyll content compared to 
RWT while both PsaA-S688C and PsaB-S663C have similar cellular chlorophyll content to 
RWT. Since PS I is the major chlorophyll-containing complex in cyanobacterial cells, the 
decreased chlorophyll content in the PsaA-W693F and PsaB-W668F mutants indicated 
reduced levels of PS I in the membranes of the mutant cells. To examine growth differences 
caused by mutations, the mutant strains were transferred on BG-ll plates without glucose. 
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All these four mutants as well as the RWT cells could form colonies. To further get 
quantitative data on the growth, the RWT and mutants cells were cultured under 
photoautotrophic and photoheterotrophic growth conditions with different light intensities. 
Under low light intensity (2-3 (imoles m'2 s'1) and normal light intensity (40 (lmoles m'2 s'1) 
with glucose in the medium, the RWT and mutants could grow with similar doubling times 
(Table II). Under these conditions, heterotrophy is the major energy acquisition mode. 
Therefore, the respiratory electron transport rates in the mutant strains are sufficient to 
sustain a normal heterotrophic growth. When the cells were cultured under high light 
intensity (160 ^moles m'2 s'1), PsaA-W693 and PsaB-W668F had relative longer doubling 
time. The photoautotrophic (without glucose) growth of PsaA-W693F and PsaB-W668F 
under normal intensity and high light intensities was slower than RWT. Therefore, the 
replacement of Trp with Phe on both phylloquinone binding sites results in functional 
limitation in phototrophic growth. 
We used oxygen uptake or evolution measurements to assess the physiological impact 
of the mutations on the photosynthetic activity of the At mutant strains. Thylakoid 
membranes were used in the measurements of electron transport activities, which were 
normalized on equal cell basis (Table III). The PS II activity was measured by oxygen 
evolution in which benzoquinone is used as an electron acceptor of PS II. All these four 
mutants had similar PS II activities of the RWT membranes. The PS I activity was monitored 
by oxygen uptake in which electrons are donated by 3,6 diamino durene and finally accepted 
by methyl viologen through the PS I complex. The PS I activity of PsaA-W693F and PsaB-
W668F decreased to 80.5% and 79.3% of the RWT respectively. PsaB-S663C had 
approximately same PS I activity as the RWT. PsaA-S688C had a slight reduced PS I 
activity, 93.3% of the RWT. The reductase activities of PS I the mutant membranes were 
measured as ferredoxin-mediated NADP1" photoreduction. In these measurements, we used 
the in vivo electron donor and acceptor of PS I complex (cytochrome and ferredoxin, 
respectively). The PS I reductase activities of the mutants thylakoid membranes are showed 
in Table HI. These activities show similar trends as those of oxygen uptake measurements. 
Therefore the Trp to Phe muations have more impact on PS I activity than the Ser to Cys 
mutations on both PsaA and PsaB sides. 
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Accumulation of PS I proteins in thylakoid membranes of the mutant strains 
Western blotting was performed to estimate the steady state level of the PS I 
subunitsin the thylakoid membranes using the polyclonal antibodies against PsaB, PsaC or 
PsaL (Figure 4). These antibodies typically give linear signal intensity increase over a wide 
range of protein amounts and therefore are suitable for semi-quantitative estimation (data not 
shown). The PsaB-W668A membranes had approximately 10% of the RWT levels of PsaB, 
PsaC and PsaL whereas the PaB-W668F thylakoids have approximately 80% amounts of 
these subunits as compared to the RWT membranes. The results indicate that the disruptive 
replacement of PsaB-W668 by Ala greatly reduces accumulation of PS I complex whereas 
the conservative replacement of PsaB-W668 maintains near 80% of normal PS I levels in the 
thylakoid membranes of the mutant strain. PsaA-W693F had similar PS I level in the 
membranes to PsaB-W668F Both PsaA-S688C and PsaB-S663C had approximately equal PS 
I level to RWT. To examine the polypeptide composition of the purified PS I complexes, we 
resolved the proteins of PS I complexes by SDS-PAGE and visualized them by staining with 
Coommassie blue (Figure 5). The relative amounts of different subunits in the purified PS I 
complexes were similar in the wild type and these four mutants. Similarly, there was no 
indication of degraded proteins in the purified PS I complexes. These purified PS I 
complexes were used for biophysical studies. 
Photoaccumulated CW EPR Spectrum at Q-Band: W697FPmA and W677FPsaB 
The photoaccumulated EPR spectra of A,' in the wild-type and W697FPiaA and 
W677Fp%a mutants are depicted in Figure 6. The Trp residues 697 on PsaA and 677 on PsaB 
are it-it stacked with the quinones, and are nearly equivalent on both subunits with respect to 
distance between the ring systems and the mutual orientation of the rings. At 34 GHz (Q-
band), the g-anisotropy dominates the EPR spectrum of A," in wild-type PS I, allowing the 
gxx = 2.0062 and gK= 2.0021 components of the tensor to be resolved. The four prominent 
hyperfine lines from the -CH3 fragment obscure the gn component of the tensor, and result 
from the high spin density at the carbon position 2 of the phyllosemiquinone anion radical 
with the methyl group attached. A small amount of A@" is present, and contributes to the 
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overall spectrum in the highfield (gj region. The W677F^g mutant was found to be similar 
to the wild-type, showing clearly resolved hyperfine couplings and a relatively small 
contribution of Ay". The spectrum of the W697FPlaA mutant is also similar to the wild-type, 
with prominent hyperfine couplings and a much greater contribution of AQ". 
Photoaccumulated CW EPR Spectrum at Q-Band: S692CPsaA and S672CPsaB 
The photoaccumulated EPR spectra of A," in the S692CP^A and S672Cp,lB mutants are 
depicted in Figure 7. The Ser residue 692 on PsaA is 3.27 Â distant from the carbonyl at 
position 4 of PhylloquinonePsaA and Ser residue 672 on PsaB is 3.37 Â distant from the 
carbonyl at position 4 of Phylloquinone,^, (13). Although the distances and bond angles 
argue against the presence of a H-bond, the substitution of a cysteine for a serine might be 
expected to alter the properties of the quinone by virtue of the H-bond to W697FPsaA and 
W677Fps,B- The spectrum of the S672C^ mutant was found to be identical with the wild-
type, showing clearly resolved hyperfine couplings and a relatively small contribution of A,"-
The spectrum of the S692CPsaA mutant, however, has a linewidth equivalent to that of the 
wild-type, and there is conspicuous absence of prominent hyperfine lines with a slightly 
greater contribution from AQ". 
W693FPaA and W667FPsuB: Electron spin polarized EPR spectra at X-band 
Figure 8 shows room temperature decay associated spectra (left) obtained by a global 
fit of all kinetic transients. The transient shown (right) is recorded at 3481 G. The decay 
associated spectra have been extracted from the complete time/field data sets. Positive 
signals correspond to absorption (A) and negative signals correspond to emission (E). As the 
electron is transferred to the iron sulfur clusters, the initial E/A/E polarization pattern due to 
P*A,~ changes to the primarily emissive P+ contribution to the PTeS" spectrum. This 
transition is seen clearly in the transients on the right. In the top two panels PS I from the 
PsaA mutant is compared with the wild type while in the bottom two panels the same 
comparison is made for the PsaB mutant. Clearly, the mutation in PsaA leads to a slowing of 
the rate of electron transfer and a change in the spectra while no difference between the PsaB 
mutant data and wild type data is detectable to within experimental error. An initial fit of the 
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data yields a lifetime for the electron transfer of T = 240 ± 50 ns in the wild type and PsaB 
mutant while in the PsaA mutant it is slowed to T = 520 ± 50 ns. As can be seen in the 
comparison of the spectra of the wild type and PsaA mutant the hyperfine structure due to the 
methyl group adjacent to the phytyl tail of phylloquinone is more pronounced in the spectrum 
of the PsaA mutant. Simulations of the spectra (not shown) indicate that the strength of the 
hyperfine coupling does not change but that the residual linewidth is narrower in the 
spectrum of the mutant. This result is likely due to a change in the hyperfine couplings from 
the protein when Trp PsaA 693 is changed to Phe. 
S692CPiaA and S672CPlaB: Electron spin polarized EPR spectra at X-band. 
The room-temperature transient EPR spectra of P700+A," in the wild-type and the 
S692CPtoA and S672Cp„B mutants are depicted in Figure 9. In the S672Pjafl mutant, T = 220 ns 
± 50 ns, but in the S692CPsaA mutant, t = 920 ± 50 ns, which is even slower than the 
W693FPuA mutant. Thus, forward electron transfer is slowed in the mutants by a factor of ca. 
4. The early spectrum in the S692CPsaA mutant has the same g-anisotropy as the wild-type, 
but a less pronounced hyperfine pattern, as shown by the loss of features around 3477 and 
3485 G. The late spectrum also shows a diminished contribution from P700\ consistent with 
the much diminished emissive contribution around 1 (is in the kinetic spectrum. In contrast, 
the kinetics as well as the early and late spectrum in the W677FPmB mutant are 
indistinguishable from the wild-type. 
From the Trp and Ser mutant data, we conclude that the EPR-active electron transfer 
pathway is along the PsaA-side (consistent with refs. 3,5 and 6) However, if the kinetics are 
much faster than the instrumental rise time, the possibility of electron transfer through the 
PsaB pathway cannot be excluded. 
Slowing of A,' Oxidation by Cooling to 260 K 
We have found that when a wild-type PS I complex is cooled to a temperature of 260 
K, charge separation between P700 and FA/FB remains reversible, yet forward electron 
transfer slows by a factor of ca. three. The kinetics of A," oxidation in the W693FP$a and 
S692Cpg mutants are also slowed by a factor of three. Given the overall similarity in 
structure between the PsaA and PsaB sides, our expectation is that the temperature 
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coefficient for electron transfer on the PsaB side will be similar. Nevertheless, the kinetics of 
At" oxidation in the W673F^g and S672CPaB mutants remain identical to the wild-type at 260 
K, and show no indication of a fast kinetic phase. Were the fast kinetic phase to be as rapid 
as 6.6 ns in Synechocystis sp. PCC 6803 [Brettel, 1998 #9354], the effect of the Ser —> Cys 
mutation and the effect of low temperature should have slowed the kinetics to ca. 80 ns, 
which is within the window of observability by transient EPR. Yet, there is no indication by 
EPR for the existence of a ca. fast kinetic phase that appears to be present in the optical 
kinetic measurements of A," oxidation in wild-type PS I. 
Optical data shows evidence for A," oxidation along the PsaB-side in C. reinhardtii 
with T(l/e) of >l0ns in the wild type and correspondingly slower kinetics in the Trp -> Phe 
PsaB-side mutant [Guergova-Kuras, 2001 #9289]. With the expectation that the kinetics on 
the PsaB-side would slow to the same degree as kinetics on the PsaA-side, we performed 
kinetic measurements at 260 K with improved time resolution (<50 ns) and with help from a 
characteristic short time spin dynamics effect. Figure 10 depicts a set of fast kinetics for the 
same samples used in Figure 9 but with an expanded time scale and for seven (0.75 G) field 
steps between the maximum absorptive signal of the early P700* A,' spectrum and the up-
field emissive minimum, i.e. through the up-field zero-crossing of the signal (see Figure 9 
left). We emphasize in particular the following observation. Nearly all transients show an 
initial absorptive peak even when the signal after ca. 100 ns is already emissive, i.e. the field 
positions are already up-field of the zero-crossing of the 'early' spectrum due to the P700* A,' 
radical pair. The effect is readily explained by a characteristic spectral broadening effect at 
early times after the exciting laser pulse. The suddenly-generated P700+A," radical pair spins 
experience the microwave field as suddenly turned on with correspondingly increased 
excitation bandwidth. Hence, the initial spectral broadening shifts the zero-crossing of the 
spin polarized P700+A, spectrum to higher fields. Therefore, the initial absorptive kinetic 
peak is also characteristic for the P700*At" radical pair state which would be reduced if 
electron transfer past A," would be fast. (Note a clear indication of signal modulation on the 
early decay slope of the transients in Figure 10. These demonstrate the existence of 'nuclear 
coherences' first observed in bacterial reaction centers [BittI, 1994 #9353], [Weber, 1995 
#4748]). 
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The results of Figure 10 demonstrate the same fast kinetic behavior for wild type as 
well as for both serine mutants (with their distinctly different electron transfer kinetics along 
the PsaA side). Thus, in cyanobacterial PS I complexes there is no indication from EPR for 
the existence of a significant contribution (>10%) of a fast kinetic phase (equal or longer than 
ca 20 ns) along the PsaB side of electron transfer. 
W693FPmA and W667FPsaB: Backreaction kinetics from [F/FJ' to P700* 
The room-temperature optical kinetics of P700+ reduction in the wild-type W693FPSIA 
and W667FPuB mutants is depicted in Figure 11. The kinetics were decomposed using a 
stretched exponential, a technique which minimizes the number of kinetic components. At 
314 K and in 70% glycerol, wild-type PS I shows that P700+ is reduced with a T of ca. 30 ms. 
This measurement was were performed under aerobic conditions, which minimizes the loss 
of electrons to molecular oxygen. Both the W693Fp^A and WôôTF^g mutants show a similar 
acceleration in the kinetics of P700+ reduction. Two kinetic phases are present; the slow 
phase corresponds to a t of 5 ms and the fast phase corresponding to a x faster than 100 ps. 
According to the logic outlined earlier, an acceleration in the backreaction kinetics implies 
that the quinone in the mutants has higher reduction potential than in the wild-type. At 214 
K, P700* reduction in the wild-type is slowed to ca. 120 ms. In contrast to 314 K, the 
W693FPlaA and W667FPmB mutants show multiphasic kinetic behavior at 214 K, but they 
differ in the amplitudes of the kinetic phases. In particular, both discernable kinetic phases 
are faster in the W693FPsaA than in the W667FPsiB mutant. A more sophisticated analysis, 
performed using the method of maximum entropy, indicates that the cross-over temperature 
between the faster and slower kinetic phases is different in the two mutants, and the 
temperature coefficient of each of the kinetic phases is different in the two mutants (data not 
shown). The significance of this experiment is that backward electron transfer from [FA/FB]-
to P700+ appears to proceed down the branch of cofactors that confers the more oxidizing 
environment to the quinone. Thus, backward electron transfer appears to be governed by a 
different set of initial constraints than forward electron transfer in PS I. 
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Figure Legends 
Figure 1. Depiction of the bifurcating electron trasnfer pathway. From: Jordan, P., 
Fromme, P., Witt, H. T., Klukas, O., Saenger, W and KrauB, N. Nature 411,11 June 2001. 
Figure 2. Depiction of the quinone binding site on the PsaA-side of PS I. From: 
Jordan, P., Fromme, P., Witt, H. T„ Klukas, O., Saenger, W and KrauB, N. Nature 411, 11 
June 2001. 
Figure 3. The Strategy for Mutagenesis on the PsaA Subunit. The psaA and psaB 
genes of Synechocystis sp. PCC6803 are indicated as the second line and their restriction map 
in the first line. A psaA and psaB less recipient strain pWX3 was constructed which 
spectinomycin resistance gene replaced the part of psaA and whole psaB genes (the third 
line). An introduction plasmid (the forth line) will be constructed and can be used to 
introduce mutations into recipient strain pWX3 by homologous recombination. 
Figure 4. Western blot analysis of the thylakoid membranes from the wild type and 
mutant strains. Membranes were analyzed by Tricine/urea/SDS-PAGE and Western blotting 
with subunit-specific antibodies. The immunodetection was visualized using enhanced 
chemiluminescence. 
Figure 5. Protein composition of the wild type and mutant PS I complexes. Proteins 
from the purified PS I complexes were resolved by Tricine-SDS-PAGE and visualized by 
Coomassie blue staining. 
Figure 6. Photoaccumulated CW EPR spectra of wild-type, W667FPhA and W677F 
PaB mutants. 
Figure 7. Photoaccumulated CW EPR spectra of wild-type, S692CPSAA and S672CPMB 
mutants. 
Figure 8. Transient EPR spectra (left) and kinetics (right) of wild-type (red), 
WÔÔTFpha (top) and W677F ^ (bottom) mutants. 
Figure 9. Transient EPR spectra (left) and kinetics (right) of wild-type (red), 
S692CPsaA (top) and S672CPsaB (bottom) mutants. 
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Figure 10. Transient EPR kinetics of wild-type (top), S692CPsaA (bottom) and 
S672CPsaB (middle) mutants at 260 K at an expanded time-scale. 
Figure 11. Transient optical spectroscopy of P700+/P700 measured at 811 nm at 314 
K (top) and 214 K (bottom) in the wild-type (green) and theW667FPsaA (red) and W677F PsaB 
(blue) mutants. 
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TABLE I 
Oligonucliotides Used for Generating the Ai Mutants 
Mutations Oligonuclitides 
PsaA-W693F 5'-CGATCAACTCTTGGAAATATCCCCGTCC-3' 
PsaB-W668F 5'-ATCAACTCTTGGAAGTAACCCCGCC-3' 
PsaA-S688C 5'-TCCCCGTCCACAGAACAGGAACATGAGG-3' 
PsaB-S663C 5-CAGTAACCCCGCCAACAGATCAAGAACATG-3' 
TABLEN 
Physiological characterization of the cells of the A0 mutants 
Chlorophyll Doubling Time (h) 
Strains content1 (gg With Glucose Without Glucose 
ODml  ml'1) Low 
light2 
Normal High 
light2 light2 
Normal light2 High light" 
RWT 3.54±0.08 25 17 15 40 62 
A-W693F 2.26+0.09 25 18 22 64 90 
B-W668F 2.69+0.12 25 18 20 67 98 
A-S688C 3.55±0.ll 25 17 15 45 68 
B-S663C 3.52+0.07 25 17 15 40 61 
Chlorophyll concentration was measured using the strains, which were cultured under normal light. 
2
. Low, normal and high light intensities were 2-3,40, and 160 nmol m'2 s '. respectively. 
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TABLE HI 
Biochemical characterization of the thylakoid membranes of the A0 mutants 
Strains PS I Photosynthetic Activity PS II Photosynthetic 
3,6 diamine durene to 
methyl viologen 
Cytochrome c6 to 
ferredoxin (fimol 
Activity (nmol 
O2«OD730"W) 
(nmol OXDD-no'W) NADPHeOD7M'ehl) 
RWT 100 100 100 
(-405) (70) (287) 
A-W693F 80.5 61.4 97.6 
B-W668F 79.3 58.6 98.6 
A-S688C 93.3 90.0 98.3 
B-S663C 98.8 98.6 96.9 
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Figure 11. 
314 K 
— PsaA W697F 
— PsaB W677F 
— Wild-Type 
i nui] TTmj- TTHIf 
.-3 .2 .4 ,•2 •1 .0 ,1 
214 K 
— PsaA W697F 
— PsaB W677F 
— Wild-Type 
HHflj 
j-3 •2 4 .0 .2 .3 A .1 
140 
CHAPTER 7. MUTATIONAL ANALYSIS OF PHOTOSYSTEM I: 
THE ROLE OF FOUR CONSERVED AROMATIC RESIDUES IN 
THE J-HELIX OF PsaB1 
A paper to be submitted to photosynthesis research 
Wu Xu, Jun Sun, Sergei Savikhin, Peter Martinssen, Manuel Hervâs, José A. Navarro. 
Miguel A. De La Rosa. Walter Struve, and Parag R. Chitnis2 
Summary 
Photosystem I functions as a light-driven plastocyanin-ferredoxin oxidoreductase in 
the thylakoid membranes of cyanobacteria. Two histidyl residues in the symmetric 
transmembrane helices (A-j and B-j provide ligands for the P700 reaction center chlorophyll 
molecules. There are four conserved aromatic residues in the PsaB adjacent to these histidyl 
molecules. We propose that these aromatic residues are required for maintaining the structure 
near P700 and for mediating the electron transport from plastocyanin/cytochrome c6 to P700. 
To test this hypothesis, six site-directed mutants were generated in the cyanobacterium 
Synechocystis sp. PCC6803. Three mutant strains that contained H651C/L652M. 
F649C/G650I and F647C substitutions near the P700 chlorophyll pair did not grow under 
photoautotrophic conditions and the cells contained very low PS I activity and amounts. In 
contrast, the W645C, W643C/A644I and S641C/V642I mutations that are close to the 
lumenal side of the helix could grow photoautotrophically and showed only a slight reduction 
in the PS I activity compared to the wild type. Absorption properties of the mutant PS I 
complexes were similar to the wild type, indicating that these mutations did not affect the 
1 This work is supported in part by grants from the US Department of Agriculture-NRICGP (97-35306-4555), 
the European Union (FMRX-CT98-0218) and the Spanish Ministry of Education and Science (DOES. PB96-
1381). Journal Paper No. J-XXXX of the Iowa Agriculture and Home Economics Experiment Station. Ames. 
Iowa, Project No. 3496 and supported by Hatch Act and State of Iowa funds 
" To whom correspondence should be addressed. Tel: 515-294-1657; Fax: 515-294-0453; E-mail: 
chitnis@iastate.edu 
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protein conformation. Biotin-maleimide modification of the mutated photosystem I 
complexes could be labeled with biotin-maleimide, indicating that the W645, W643 and 
S641 residues in the wild type PsaB might be accessed by small molecules in the aqueous 
phase. Kinetics of P700 rereduction by plastocyanin remains unaltered by the mutations or by 
attachement of biotin to the newly introduced cysteinyl residues in the mutant photosystem I 
complexes. Two spontaneous revertants F649C/G650T and F647Y were isolated from 
F649C/G650I and F647C, respectively. The results presented here demonstrate that W645, 
W643 and F649 are not critical for maintaining the stability and directly mediating the 
electron transport from plastocyanin to photosystem I. In contrast, a small hydrophobic 
residue at 650 position and an aromatic residue at 647 position are essential for maintaining 
structural integrity of photosystem I. 
Introduction 
Photosystem I functions as a light-driven plastocyanin-ferredoxin oxidoreductase in 
the thylakoid membranes of cyanobacteria. Two histidyl residues in the symmetric 
transmembrane helices (A-j and B-j provide ligands for the P700 reaction center chlorophyll 
molecules. There are four conserved aromatic residues in the PsaB adjacent to these histidyl 
molecules. We propose that these aromatic residues are required for maintaining the structure 
near P700 and for mediating the electron transport from plastocyanin/cytochrome eg to P700. 
To test this hypothesis, six site-directed mutants were generated in the cyanobacterium 
Synechocystis sp. PCC6803. Three mutant strains that contained H651C/L652M, 
F649C/G650I and F647C substitutions near the P700 chlorophyll pair did not grow under 
photoautotrophic conditions and the cells contained very low PS I activity and amounts. In 
contrast, the W645C, W643C/A644I and S641C/V642I mutations that are close to the 
lumenal side of the helix could grow photoautotrophicaily and showed only a slight reduction 
in the PS I activity compared to the wild type. Absorption properties of the mutant PS I 
complexes were similar to the wild type, indicating that these mutations did not affect the 
protein conformation. Biotin-maleimide modification of the mutated photosystem I 
complexes could be labeled with biotin-maleimide, indicating that the W645. W643 and 
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S641 residues in the wild type PsaB might be accessed by small molecules in the aqueous 
phase. Kinetics of P700 rereduction by plastocyanin remains unaltered by the mutations or by 
attachement of biotin to the newly introduced cysteinyl residues in the mutant photosystem I 
complexes. Two spontaneous revenants F649C/G650T and F647Y were isolated from 
F649C/G650I and F647C, respectively. The results presented here demonstrate that W645. 
W643 and F649 are not critical for maintaining the stability and directly mediating the 
electron transport from plastocyanin to photosystem I. In contrast, a small hydrophobic 
residue at 650 position and an aromatic residue at 647 position are essential for maintaining 
structural integrity of photosystem I. 
Photosystem I (PS I1) is a protein-pigment complex in cyanobacteria and higher 
plants. It mediates the light-driven electron transfer from plastocyanin to ferredoxin {Chitnis, 
1996 #2631; Fromme, 1996 #3769; Chitnis, 1995 #2225; Golbeck, 1994 #2324}. Monomers 
of cyanobacterial PS I complex contain twelve subunits, 96 chlorophyll a molecules, 22 |3-
carotenes, two phylloquinones, four lipid molecules, and three [4Fe-4S] clusters {Chitnis, 
1996 #2631; Fromme, 1997 #4365}. PsaA and PsaB form the core of PS I that bind the 
primary electron donor P700, which is a dimer of chlorophyll a molecules, and the chain of 
electron acceptors Ao (a chlorophyll a molecule), A, (a phylloquinone) and Fx (a [4Fe-4S] 
cluster). The peripheral PsaC subunit binds the terminal electron acceptors, F& and FB, both 
of which are [4Fe-4S] clusters. Upon receiving energy of a photon, excitation of P700 leads 
to charge separation. An electron is transferred to Ao, then to At and ultimately to a 
ferredoxin molecule through a series of three [4Fe~4S] clusters.On the lumenal side of 
thylakoid membranes, the PS I complex accepts electrons from plastocyanin. In 
cyanobacteria and algae, cytochrome c* can functionally replace plastocyanin under copper-
deficient conditions. The interaction between plastocyanin or cytochrome CA and PS I has 
been studied extensively in many organisms {Hervâs, 1994 #2265; Haehnel. 1996 #4366: 
Hervâs, 1995 #3370}. Laser flash absorption spectroscopy showed an apparent one-step 
bimolecular collision mechanism for the PS I complexes of the cyanobacterium 
Synechocystis PCC 6803 {Hervâs, 1995 #3370; Hervâs, 1996 #3870}. In addition, 
plastocyanin and cytochrome may interact directly with the PsaA and PsaB core subunits 
and donate electrons to P700+ {Sun, 1999 #4318}. In the 2.5À crystal structure of PS I, two 
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chlorophyll molecules of P700 are confined by symmetrically positioned four a-helices, A-j, 
A-k and B-j, B-k {Fromme, 1997 #4365}. P700 is separated from lumenal surface by 10-15Â 
{Fromme, 1997 #4365}. The histidyl residues in A-j and B-j a-helices provide the fifth 
ligand to the Mg2+ of the chlorophyll dimer of P700 {Webber, 1996 #3850}. The spin density 
distribution in P700+ is highly asymmetric, with about 85% of the spin on one of the 
chlorophylls {KaB, 1995 #4369}. The single substitution mutant PsaB-H656Q in the j a-
helix of Chlamydomonas reinhardtii exhibited noticeable linewidth broadening in P7001" 
EPR signal whereas the corresponding mutation in PsaA-H676Q did not cause a similar 
defect {Rochaix, 1998 #4368}. It suggested that H656 of Chlamydomonas PsaB might 
coordinate the P700 chlorophyll molecule that contains most of the spin. 
The unique function of the P700 chlorophyll pair dictates that the structure around 
P700 has significant conformational constrains and the physicochemical characteristics of the 
P700 environment influence the function of P700. We have embarked on the project to 
dissect the special structural properties of the P700 environment. A major feature of the 
helical regions near P700 is the presence of several aromatic residues. When we compared 
primary sequences of the A-j and B-j helices (FIG. 2), the j helix of PsaB was found to 
contain four highly conserved aromatic amino acid residues, W643, W645, F647, F649. 
Similar arrangement of aromatic residues is absent in the corresponding region of PsaA. We 
postulate that one or more of these four aromatic residues in PsaB are critical for maintaining 
the architecture around P700. We also propose that these aromatic residues form an integral 
component of the electron transfer path between the redox centers of plastocyanin or 
cytochrome and P700. To test this hypothesis, we replaced each of the four aromatic 
residues with cysteinyl residues. Here we present properties of the mutant strains and their 
PS I complexes. 
Experimental procedures 
Cyanobacterial Culture. Cells oîSynechocystis sp. PCC 6803 were cultured in BG-l I 
medium {Williams, 1988 #3608} with appropriate antibiotics (30 mg/l chloramphenicol or 
50 mg/I kanamycin) at 30°C and were aerated by bubbling with air. The growth of the 
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Synechocystis cells was monitored from the absorption of cultures at 730 nm (A730 nm), which 
was determined with an UV-160U spectrophotometer (Shimadzu, Tokyo, Japan). Cells were 
harvested during the exponential growth phase, resuspended in 0.4 M sucrose, 10 mM NaCl, 
10 mM MOPS-HC1 (pH 7.0), and stored at -20°C for further use. 
Plasmids and Site-Directed Mutagenesis. Plasmid pGEM-3C+ contains the C-
terminal region of the psaB gene, resistance genes for chloramphenicol and ampicillin, and 
760-bp region down stream of the psaB gene (FIG. 1). A PCR-based method {Picard, 1994 
#4370} was used to generate the mutant recombinant DNAs using pGEM-3C-r as a template. 
TABLE I lists the oligonucleotides that were used to engineer the mutant DNAs. To clone 
the amplified DNA, a fragment, the third PCR product was digested with Eag I and Apa I 
and ligated into pGEM-3C+ that had been digested with the same enzymes. The amplified 
regions from the ligated pGEM-3C+ were sequenced completely to ensure fidelity of Taq 
polymerase. 
Transformation of Synechocystis sp. PCC 6803. The DNAs were used to transform 
the recipient strain PCRTAB. The transformation and transformant selection were performed 
at under low light intensity (2-3 (imoles m"2 s') at about 30°C according to the reference (I). 
The chloramphenico l-resistant transformants were selected, segregated for more than three 
generations and replica-plated to confirm the absence of kanamycin-resistance gene (FIG.I). 
After segregation, the genomic DNAs were isolated from the mutant strains. The fragments 
containing the mutated sites were amplified by PCR and the fragments were sequenced to 
confirm the mutations. The pGEM-3C+ plasmid with wild type gene was introduced back 
into the recipient strain PCRTAB to generate the recovered wild type (RWT) which serves as 
a positive control for these studies. 
Physiological Characterization. All mutants, the recipient strain and RWT were 
cultured in the BG-11 medium with 5 mM glucose under 2-3 [imoles m"2 s"1 light and were 
harvested at approximately 0.8 A^onm/ml of the culture. Cells were centrifuged at 4000 g and 
pellet was resuspended in BG-11 medium. The cells were pelleted again and the procedure 
was repeated three times to remove all glucose. Cells were grown at 30°C with or without 
glucose. Cultures were shaken constantly at 120 rpm under different light intensities. The 
growth of cultures was monitored by measuring the absorbance at 730 nm. 
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Biochemical Characterization. Isolation of thylakoid membranes, measurement of 
chlorophyll content were performed according previously published methods (2,3). Light-
driven PS I-mediated electron transport from DAD/PC to MV was monitored using a Clark 
type oxygen electrode (Hansatech, England) and used to examine electron transport activity 
of PS I {Mehler, 1951 #4087; Mehler, 1951 #4088}. The PS I activity in the membranes was 
also determined with NADP+ photoreduction assay using cytochrome ce and ferredoxin as 
electron donor and acceptor, respectively {Sun, 1998 #4097}. PS II activity was measured as 
the light-driven oxygen evolution, in which electrons are transferred from water to p-
benzoquinone via the PS II complex (4). Accumulation of PS I proteins was examined by 
analytical SDS-PAGE and immunodetection (5). The antibodies for detection of PS I 
proteins have been described previously {Sun, 1998 #4097}. The PS I complexes were 
purified and the mutant PS I complexes were modified by biotin-maleimide according to a 
previously published method {Sun, 1998 #4097}. For transient absorption spectroscopy, 
plastocyanin from Synechocystis sp. PCC 6803 was purified as described previously {De la 
Cerda, 1997 #4341}. Kinetics of flash-induced absorbance changes in PS I was followed at 
820 nm. The experimental set-up, data collection and kinetic analyses have been described 
previously {Hervâs, 1995 #3370}. For experiments at varying ionic strength, the magnesium 
salt was omitted and the ionic strength was adjusted at the desired value by adding NaCl. 
Generation and Selection of Spontaneous Revertants. The mutant strains, which 
require glucose for their growth, were cultured with 1 mM glucose concentration under 
normal light and with air in one-liter bottle for ten days. 1 mM glucose concentration for 
screening revertants is five times less than the normal concentration in order to increase the 
mutation frequency. The surviving cells were collected and spread on the nutrient plates 
without glucose. The plates were incubated under 40 (imoles m*2 s*1 light at 30°C for 
screening for revenant colonies. This process was repeated until single colonies appeared in 
the plates after approximate 40 days. The revenant colonies were grown in liquid medium for 
further analysis. The genomic DNAs were isolated from each revenant. The fragments 
containing the mutated sites were amplified by PCR and the fragments were sequenced to 
examine the molecular nature of reversion. 
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Results 
Physiological Characterization of the Mutant Strains. The mutated plasmids were 
generated based on a PCR-based method using pGEM-30 as a template. The plasmids 
containing mutations were sequenced to ensure that desired mutations were correct. In 
addition, we sequenced the PCR-ampIified DNA fragments from transformants to confirm 
the presence of desired mutations in the mutant strains (data not shown). The mutant strains 
showed differences in their color, which might be due to the different chlorophyll content. To 
quantify this effect, we measured chlorophyll content of the RWT and mutant cells (TABLE 
II). Cells of the H651/L652M, F649C/G650I and F647C mutants contained much less 
chlorophyll than those of the RWT strain, whereas the W643C/A644I W645C and 
S641C/V642I mutations did not significantly affect their chlorophyll content. To assess 
effects of mutations on the growth, the mutant strains were transferred initially to the BG-11 
plates without glucose. The H651C/L652M, F649C/G650I and F647C mutants could not 
form visible colonies on the BG-11 plates without glucose. In contrast, the mutants W645C. 
W643C/A644I and S641C/V642I did not require glucose to form colonies on plates, 
indicating their ability of photoautotrophic growth. To obtain more quantitative results on 
photoautotrophic and photoheterotrophic growth, the RWT, mutant and PCRTAB strains 
were cultured in liquid medium under different light intensities and doubling times were 
determined. Under low light intensity (2-3 gmoles m*2 s*1) and with glucose in the BG-11 
medium, all mutant strains except the recipient strain PCRTAB showed similar doubling time 
of 25 to 34 hours (TABLE II). The PCRTAB strain could not grow, which are known to grow 
only under the light-activated heterophotoautotrphic growth (LAHG) condition, most likely 
because of the excess reductants generated by PS II. Similar rates of growth under 
photoheterotrophic conditions indicated that the mutations did not impair their ability to use 
glucose as an energy source. When the RWT and mutant strains were cultured under normal 
light intensity (40 gmoles m"2 s"1) and with glucose, all the mutant strains except 
F649C/G650I could grow with difference in their growth rate. Their growth rates differed 
significantly under high light intensity (160 gmoles m 2 s"1), even with glucose (TABLE II). 
Therefore, the mutations led to an imbalance between the activities of PS I and PS II. When 
the photoautotrophic growth of the strains was tested under normal and high light intensity, 
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the mutants H651C/L652M, F649C/G650I and F647C could not grow under 
photoautotrophic conditions, which is consistent with the results obtained from plates. The 
mutants W645C, W643C/A644I and S641C/V642I could grow photoautotrophically, but at 
the reduced growth rates. 
Photosynthetic Activity of the Mutant Strains. The differences in the growth rates of 
the mutants could result from reduced PS I activity in the mutant cells. To investigate this 
possibility, we studied the physiological impact of the mutations on photosynthetic activities 
of the membranes, which were estimated changes in oxygen concentration due to electron 
transport through PS I or PS II (TABLE III). PS II activity was measured as oxygen 
evolution in which electrons are transferred from water to p-benzoquinone via the PS II 
complex. On an equal of cell basis, the PCRTAB recipient and the F649C/G650I mutant 
strain had lower PS II activity than that in the RWT cells. For the other mutants, the PS II 
activities ranged from 256.67 to 285.33 nmol O2/O.D.730 h, which were 89.4% to 99.4% of 
the RWT PS II activity. Therefore, the PS II activities were not significantly affected by 
these amino acid replacements. 
The PS I activity was monitored as oxygen uptake in which electrons are donated by 
DAD and finally accepted by methyl viologen through the PS I complex. For the recipient 
strain, the activity of PS I was -16.67 nmol O2/O.D.730 h whereas RWT had an activity of -
405 nmol Oz/O-D^o h. The mutants H651C/L652M, F649C/G650I and F647C in the interior 
of the B-j transmembrane helix had lower activities (23.5%, 5.7% and 29.9% of the RWT PS 
I activity, respectively). In contrast, the W645C, W643C/A644I and S641C/V642I mutations 
close to the exterior end of the helix were 97.8%, 88.6% and 99.6% of the RWT PS I 
activity, respectively. When PS I activity was monitored using PC as the electron donor, 
F647C had zero activity. The others showed similar trend results as DAD were obtained 
(TABLE III). Therefore, it is possible that the mutation of F647C influences electron 
throughput from plastocyanin to P700. 
Additionally, the reductase activity of PS I was measured as ferredoxin-mediated 
NADP+ photoreduction rate (TABLE HI). In these measurements, we used the in vivo 
electron donor (cytochrome c@) and the in vivo electron acceptor (ferredoxin) of PS I 
complex. Membranes of the H651C/L652M, F649C/G650I and F647C mutants were 
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defective in the PS I activity, whereas the W645C, W643C/A644I and S641C/V642I mutants 
had 95.7%, 933% and 96.2% of the RWT PS I activity, respectively. 
Accumulation of PS I in Thylakoid Membranes of the Mutant Strains: Reduction in 
the PS I activity in the membranes could result from the diminished specific activity of the 
complex or from the decreased levels of PS I complexes. To address these possibilities, we 
estimated the P700 amounts in the membranes (TABLE III). There was a variation in the 
cellular levels of P700 molar ratio, ranging from undetectable levels in the F649C/G650I 
mutant to near wild-type levels in the W645C, W643C/A644I and S641C/642I mutants. The 
changes in the P700 content could result from altered properties or diminished function of the 
special pair of chlorophyll molecules that constitute the P700 reaction center. Alternatively, 
the mutations may reduce assembly or stability of the proteins and thus cause a reduction in 
the cellular levels of PS I complexes. The PsaB subunit is an integral membrane protein with 
eleven transmembrane helices and twelve extramembrane loops. Mutations in the PsaB 
subunit could affect its folding and assembly of the PS I complex. Western blotting was 
performed to detect levels of the PS I proteins in the thylakoid membranes (FIG.3). As 
expected, Western blotting showed that the PS I subunits were absent in the thylakoid 
membranes of the PS l-Iess PCRTAB strain, whereas all subunits were detected in the RWT 
membranes. In the S-y-helix mutants, the mutants W645C, W643C/A644I and S641C/642I 
contained approximately equal amounts of all seven subunits as compared to RWT. All seven 
antibodies except for the PsaF antibody recognized reduced levels of subunits in the 
membranes of the mutants H651C/L652M and F647C. However, greatly reduced amounts of 
PsaA and PsaB subunits were detected and PsaL, PsaC, PsaK and Psal subunits could not be 
detected in the membrane from the mutant F649C/G650I. Therefore, replacement of the 
L652, H651, F649, G650I and F647 residues reduces the level of PS I proteins in the 
membranes. Amount of PsaF subunit was almost same in the membranes of all six mutants, 
showing that the levels of PsaF in the membranes are independent of the levels of assembled 
PS I complexes in the membranes. This conclusion is consistent with the detectable levels of 
PsaF in the PS I-less strains of cyanobacteria. The membranes of the mutant with 
F649C/G650I replacement showed low levels of PsaA and PsaB proteins, but we could not 
detect P700 in these membranes. The P700 levels were estimated in the DM-sotubilized 
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membranes and the cellular numbers were deduced from the cellular chlorophyll ratios. The 
undetectable levels in the F649C/G650I mutant could have resulted from high signal to noise 
ratio in these membranes or destruction of P700 upon detergent solubilization. 
Modification of the Mutant PS I Complexs: The WT PsaA and PsaB proteins contain 
five cysteinyl residues that can not be modified by biotin maleimide, which specifically 
reacts with the sulfhydryl group of cysteinyl residues. Therefore, these residues are not 
exposed on the surface of PS I complexes. To study the role of four aromatic residues in the 
B-j helix of PsaB, we changed these residues to cysteinyl residues. PS I trimers were purified 
and treated with biotin-maleimide. Modified PS I complexes were resolved by Tricine-urea-
SDS-PAGE, probed with peroxidase-conjugated avidin, and then developed with enhanced 
chemiluminescence reagents. The WT PsaAB can not be modified by biotin-maleimide, 
however, the PsaAB of mutant strains W645C, W643C/A644I and S641C/V642I can be 
modified (Fig 4). Therefore, small molecules at the aqueous phase may access the W645. 
W643 and S641 residues in the wild type PsaB. However, these results do not completely 
agree with the structural information. In the recently published PS I structure, W645 and 
W643 are in a hydrophobic pocket, but do not point to any important cofactor. S641 is 
accessible to the solvent in the structure of PS I. It is likely that the replacement of 
hydrophobic aromatic residues with cysteinyl residues changes the surface exposure of the 
PS I. 
Electron Transfer From Donor Proteins to the Mutant PS / Complexes: W645, 
W643, and S641 residues in the B-j helix are towards the lumenal surface of the PS I 
complex. These residues may interact with plastocyanin or may participate in the electron 
transfer. Therefore, we examined electron transfer kinetics from plastocyanin to P70(T in the 
PS I complexes with W645C, W643C/A644I, and S641C/V642I replacements. To examine 
the activity of the mutant PS I complexes in accepting electrons from Synechocystis 
plastocyanin, the purified PS I complexes were subjected to the photoreduction experiments 
using Synechocystis plastocyanin. We used different concentrations of plastocyanin to 
determine rate constants (Table 4). With the mutant and the wild type PS I complexes, the 
kinetics of P700+ photoreduction was monophasic and the observed pseudo-first order rate 
constant (fr0b$) yielded linear dependence on plastocyanin concentration. The linear 
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dependence of kobs on protein concentration allowed us to calculate the second order rate 
constant (£bim) of P700+ reduction. All mutant PS I complexes reacted with plastocyanin in a 
similar fashion as the RWT PS I complexes, indicating that all mutant PS I complexes 
interact with plastocyanin according to the oriented collisional mechanism. The second order 
rate constants for P700+ reduction in the mutant and the wild type PS I complexes were of 
the similar order of magnitudeDifferent concentrations of cations during the P700+ reduction 
assay did not influence the reduction kinetics in the mutants any differently than in the wild 
type (data not shown). When the mutant and wild type PSI complexes were treated with 
maleimide biotin and used in P700+ photoreduction experiments, there was not significant 
change in the kinetic parameters (data not shown). Therefore, the amino acid replacements in 
the lumenal side of the B-j helix (W645C, W643C/A644I, and S641C/V642I) did not 
influence the interaction of plastocyanin with PS I. 
Generation and Selection of Spontaneous Revertant Strains: To test the roles of 
histidine at the position of 651 and aromatic residues at the position of 649 and 647. the 
mutant strains H651C/L652M, F649C/G650I and F647C were chosen to screen revertants. 
One revertant from F647C was isolated after screening more than 1012 cells (FIG 5). We also 
isolated a revertant from more than 1012 cells of the F649C/G650T mutant (FIG 5). The 
revertant cells could grow under both photoautotrophic conditions and under 
photoheterotrophic conditions with high intensity light. They also contain the similar level of 
PS I complexes to RWT. To identify the molecular nature of reversion, we amplified the 
psaA and psaB genes of the revertants and determined their nucleotide sequences. The 
nucleotide sequencing results of the revertant from the F647C mutant showed that the TGC 
codon for C647 in the original mutant strain was changed to TAC codon, resulting in the 
substitution of the cysteinyl residue with a tyrosinyl residue. Therefore, an aromatic residue 
at the position 647 is a critical structural requirement in PsaB. In contrast, the DNA sequence 
of the revertant from the F649C/G650I mutant revealed that the revertant contained a 
substitution of the ATA codon for 1650 to ACA for a threoninyl residue. C649 in the mutant 
remained unchanged, showing that the presence of an aromatic residue at the position 649 is 
not critical, but the presence of a small non-polar residue at the position 650 is essential for 
the structural integrity of PsaB. 
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Discussion 
On the lumenal side of PS I, photooxidized P700+ received electrons from reduced 
plastocyanin or cytochrome c&. In cyanobacteria, based on 2.5Â resolution surface fitting 
model, lumenal surface helices of PsaA and PsaB can be proposed to form the plastocyanin-
docking site In PS II complex of Synechocystis sp. PCC 6803 {Jin Xiong, 1996 #4371}, there 
an aromatic residue forms Jt interaction to maintain the stability of photosynthetic complex. 
A series of mutations from the residue providing a ligand to P700 down to lumenal side of 
PS I were generated to investigate the roles of four aromatic residues. Physiological 
characterization of these mutants revealed different phenotypes. Three mutants with 
H651C/L652M, F649C/G650I and F647C replacements, which are close to P700, could not 
be grown photoautotrophically or under high light intensity. In contrast, the other three 
replacements (W645C, W643C/A644I and S641C/V642I) that are close to lumenal side do 
not affect the photoautotrophic growth of the mutant cells. These mutants they could grow 
under high light intensity. 
The oxygen uptake measurement showed that the three mutants H651C/L652M, 
F649C/G650I and F647C close to P700 had low PS I amounts, resulting in low PS I activity. 
The PS I activity in these mutants is not sufficient to fulfill the energy requirements for the 
photoautotrophic growth. The reduced PS I amount may be due to the reduced stability of PS 
I complex or because of the effects on the assembly of PS I. H651 provides the fifth ligand to 
Mg2+ of one of chlorophyll a of P700. Therefore, the replacement of this residue may change 
the environment around P700 and affect its function. Dysfunctional PS I complex might have 
much higher turnover rate. For electron transport from DAD to P700, the recipient strain 
PCRTAB has 4.1% electron transport rate of the RWT, which could considered as the 
background activity since PCRTAB does not contain any PS I complexes. For electron 
transport, the most interesting results could be found from the mutant strain F647C. If 
artificial electron donor DAD is used, F647 shows approximate 30% rate of the RWT. 
However, when the native electron donor either plastocyanin or cytochrome c6 is used, we 
could not detect electron transfer from these donors to PS I. DAD is a small molecule and 
could have an easy access to P700 for donating an electron. Plastocyanin or cytochrome c<$ 
152 
need to dock transiently on the PS I surface. Therefore, the electron transfer between the 
redox centers in these donors and P700 is expected to involve intermediate residues in both 
donor molecules and PS I. The difference between artificial and native electron donors in the 
mutant strain F647C indicates that F647 might be a critical intermediate residue for electron 
transport from plastocyanin or cytochrome c& to P700. It is likely that this replacement causes 
changes in the PS I lumenal surface that interacts with the donor proteins. The three mutants 
close to lumenal side have the ability to grow photoautotrophically and similar PS 1 activity 
to the RWT. 
The western blotting result showed that the mutants W645C and W643C/A644I had 
similar PS I amount in the thylakoid membranes as RWT, it suggested that W645 and W643 
did not play the role in maintaining the stability of PS I complex. Although electron transport 
measurements showed some differences among the mutants W645C, W643C/A644I. the 
difference was not significant. It meant that residues W645 and W643 did not directly 
mediate the electron transport from PC to P700. In contrast, the western blotting result 
showed that the mutants F647C and F649C/G650I had much reduced PS I amount in the 
thylakoid membrane, it indicated that residues F647 or F649 played the important role in 
maintaining the stability of PS I complex. To investigate the necessity of an aromatic residue 
in the position of 647 and 649, the mutants W647C and F649C/G650I, which cannot grow 
without glucose, were transferred to plates without glucose and spontaneous revertants were 
selected. One revertant was selected from F647C and the psaA-psaB operon in the revertant 
was DNA region corresponding to the mutation was sequenced. The sequence result showed 
that revertant had Y at position of 647 (sequence results not shown). It is strong evidence to 
support that it was necessary to have an aromatic residue at position 647. In the reaction 
center of bacterium Rhodobacter capsula tus, there are two aromatic residues F (L97) and F 
(L121), which are close to the L polypeptide (BPhu). The plane of the aromatic ring of F 
(L121) is nearly parallel to, and only -3.7 Â away from, ring V of BPh|_. F (L97) is twisted 
and further away (~6 Â closest approach), but it lies between BPhc and the phytyl tail of the 
L-side BChl ring of P. The residues of F at 647 or 649 might be close to and interact with 
P700 like the way of F (L97) and F (L121) in bacterium Rhodobacter capsulatus. 
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The results presented here demonstrate that W645, W643 and F649 are not critical for 
maintaining the stability and directly mediating the electron transport from plastocyanin to 
photosystem I. In contrast, a small hydrophobic residue at 650 position and an aromatic 
residue at 647 position are essential for maintaining structural integrity of photosystem I. 
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Figure legends 
FIG. 1. Strategy for introducing mutations in the j helix of PsaB. The restriction 
map of the Synechocystis sp. PCC 6803 genomic region around the psaA-psaB operon is 
shown on the top line. Arrows show the location, size and direction of complete or partial 
psaA and psaB genes. The small boxes indicate the coding region for the transmembrane m 
helix of PsaB. The kanamycin resistance (Kan-r) and chloramphenicol resistance (Cam-r) 
genes are shown as long boxes. The bold lines in the construction of the pGEM3C> plasmid 
represent the pGEM vector. 
FIG. 2. Amino acid sequence alignments of the A-j and B-j helices of the PS I core. 
The deduced protein sequences of the m-helices from the PsaA and PsaB proteins of spinach, 
maize, rice and Synechocystis sp. PCC 6803 (Sy.6803) were aligned using GeneWorks 
software (IntelliGenetics, CA). The conserved amino acid residues are shaded. 
FIG. 3. Western blotting analysis of the membranes and PS I complexes from the 
mutant strains. The proteins were resolved by Tricine/urea/SDS-PAGE. The antibodies 
against Synechocystis PsaA, PsaB, PsaC, PsaF, PsaL, PsaK and Psal were used and the 
immunodetection was visualized by enhanced chemiluminescence. Membranes were isolated 
from the mutant strains and samples containing 5gg chlorophyll were loaded in each lane. 
FIG. 4. Modification of the mutant PS I complexes. Purified PS 1 complexes 
containing 5 _g chlorophyll were treated with biotin- maleimide and analyzed by 
Tricine/urea/SDS-PAGE. The blot was probed with peroxidase-conjugated avidin and 
visualized by enhanced chemiluminescence reagents. 
FIG. 5 Revertant sequence. 15 ng 500 bp PCR fragments containing the mutation 
sites were sequenced by DNA Facility, Iowa State University. 
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TABLE I 
Oligonucliotides Used for Generating the j-Helix Mutants 
Mutations Oligonuclitides 
H651C/L652M 5' -AGCCCAGACCATGCATCCGAAAAGGAAC-3 ' 
F649C/G650I 5'-GACCAGGTGTATGCATAGGAACATCCAAGC-3' 
F647C 5'-GTCCGAAAAGGCACATCCAAGCC-3* 
W645C 5'-AAAGGAACATGCATGCCCAAACTGACAG-3' 
W643C/A644I 5'-GGAACATCCAAATGCATACTGACAGATTG-3' 
S641CW642I 5'-CCAAGCCCAAATGCATAGATTGTTGACACC-3' 
TABLE H 
Physiological Characterization of the Cells of the Mutant Strains 
Strains 
Chlorophyll 
content 
(Hg/OD730/ml) 
Doubling Time (Hours) 
With Glucose Without Glucose 
Low Light Normal light High Light Normal Light High Light 
RWT 3.54±0.08 24.710.6 17.010.0 15.310.6 40.310.6 62.013.0 
PCRTAB - - - - - -
H651C/L652M l.47±0.06 27.710.6 
- - - -
F649C/G650I 
-
34.011.0 
- - - -
F647C 1.5010.06 31.710.6 28.311.5 - - -
W645C 3.4710.05 27.010.0 17.610.6 17.610.6 42.311.2 64.714.5 
W643QA644I 3.5110.05 25.310.6 20.310.6 26.310.6 47.313.1 96.716.1 
S641C/V642I 3 51+0.09 25.310.6 17.710.6 15.710.6 41.012.0 61.714.5 
1 : indicates that the strains died or did not grow. 
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TABLE m 
Biochemical Characterization of the Thylakoid Membranes of the Mutant Strains 
Strains PS II Activity (nmol 
0:«0DVehl) 
PS I Activity P700 content of 
thylakoids 
DAD to MV 
(nmol 0:* ODjy-
1 
• h ') 
PC to MV 
(nmol 02* 
ODVh') 
cyt c„ to fd (gmol 
NADPH'OD^,'. 
h' 
(104 P700 • cell'1) 
RWT 287.017.0 (100) -105.019.0(100) -617.0125.0 
(100) 
70.014.0(100) 7.1 
PCRTAB 199.3+11.4 (69.4) -16.714.2(4.1) 
-
-
nd 
H6510L652M 268.7±10.3 (93.6) -95.317.0(23.5) -38.313.5 (6.2) 3.911.0(5.6) 2.8 
F6490G6501 221.0±15.5 (77.0) -23.014.6 (5.7) 
- -
nd 
F647C 256.7±15.0 (89.4) -121.0113.5 
(29.9) 
0.010.0 (0.0) 0.010.0 (0.0) 2.5 
W645C 283.016.6 (98.6) -396.3127.0 
(97.9) 
-606.0123.6 
(98.2) 
67.018.5 (95.7) 6.8 
W643C/A6441 27818.2 (96.9) -359.0123.6 
(88.6) 
-599.3121J 
(97.1) 
65.319.1 (93.3) 7.3 
S641C/V642I 285.3110.7 (99.4) -403.3116.3 
(99.6) 
-608.7123.5 
(98.7) 
67.315.1 (96.1) 6.8 
1: indicates that the strains died or did not grow. 
2: The activity results were normalized on equal cell basis and expressed as percentage of RWT level that is 
shown in parentheses. Level of P700 in DM extract was expressed as 104 P700 per cell. 
nd- not detected 
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Table IV. 
Characterization of the mutant PS I complexes 
The chlorophyll to P700 molar ratio and bimolecular rate constants for the mutant PS 
I complexes reduction by plastocyanin. 
PS I Chlorophyll to P700 K,nf 
complex molar ratio (x 10-6 M'1 s"') (x 10"6 M ' s"1) 
RWT 111 8.6 9.7 
W645C 121 6.3 5.9 
W643C/A644I 132 5.4 6.2 
S641C/V642I 103 7.2 7.7 
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Xu et al. Fig. I 
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Xu et al. Fig. 2 
B-Synechocystis 640 
644 
B-Maize 
B-Spinach ' 
B-Rice < 
[iVWATGFMFLISWRGYWQELIE 673 
LVWATGFMFLISWRGYWQELIE 677 
[iVWATGFMFLISWRGYWQELIE 676 
LVWATGFMFLI SWRGYWQELIE 676 
A- Synechocystis ^ LSAYGIMFLAGHIFVFAFSLMFLFSGRGYWQELIE 
A-Maize 
A-Spinach 
A-Rice 
665, 
664, 
LSAYGLFFLGABPVFAFSLMFLFSGRGYWQELIE 
LSAYGLFFLGAIFVFAFSLMFLFSGRGYWQELIE 
698 
698 
697 
664, LSAYGLFFLGALFVWAFSLMFLFSGRGYWQELIE 697 
m-heiix 
I 
I , 
I 
s I 
RWT 
Recipient Strain 
H651C/L652M 
F649C/G650I 
F647C 
W645C 
W643C/A644I 
S641C/V642I 
WT 
RWT 
S641C/V642I 
W643C/A644I 
W645C 
164 
Xu et al. Fig. 5 
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CHAPTER 8. GENERAL CONCLUSIONS 
Photosystem I (PS I), one of two reaction centers in photosynthesis, functions as the 
light-driven plastocyanin-ferredoxin oxidoreductase in the thylakoid membranes of 
cyanobacteria and chloroplasts. PS I is a pigment-protein complex with 11-14 proteins and 
several types of organic (e.g. chlorophyll a) and inorganic cofactors (e.g. Fe-S cluster). 
When chlorophyll a molecules in the antenna absorb light, the photon energy is transferred 
through antenna chlorophyll a molecules to the P700 reaction center, which is made up of a 
pair of chlorophyll molecules. In the reaction center, the excitation energy is trapped and 
used for energizing an electron, which is transferred to an acceptor chlorophyll a molecule 
(Ao), resulting in charge separation. Subsequently, P700+, a weak oxidant accepts an 
electron from the reduced plastocyanin. Electrons from the reduced Ao are transferred 
through a chain of redox centers that includes phylloquinones (A,) and three [4Fe-4S] 
clusters Fx, FA and FB. 
P700 is a heterodimeric, a chlorophyll a, which is coordinated to Histidine651 of PsaB 
and a chlorophyll a', which is coordinated to equivalent Histidine in PsaA subunit. 
Histidine651 in PsaB was mutated to Phenylalanine, Leucine and Cysteine, which are 
abbreviated as H651F, H651L and H651C, respectively. The H651F, H651L and H651C 
mutants have distinct phenotypes from the wild type. The mutant cells of all three mutants 
die in the culture media without a source organic carbon. The P700/P70(T difference spectra 
of these three mutants are different from that of the wild type PS I. A spontaneous revertant 
H651Q, which could grow in a medium with any carbon source, was selected from H651L. 
The P700 spectrum of H651Q is 1 nm narrower than that of the wild type. The results here 
demonstrate that the protein environment of P700 modulates its spectroscopic properties. 
The position of the accessory chlorophylls is between P700 and Ao. Since the accessory 
chlorophylls are close to two electron centers P700 and Ao, they are presumed to participate 
in the transfer of electrons, energy or both. The new crystal structure information shows that 
Mg2+ ions of the accessory chlorophylls are coordinated by water molecules that are 
hydrogen-bonded to the side chains of Asparagine582 in PsaB and Asparagine600 in PsaA. 
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The Asparagine582 in PsaB was mutated to Glutamine, which has a larger side chain than 
Asparagine, thus excluding or displacing the water molecule in the accessory chlorophyll-
binding pocket. Glutamine could also directly provide ligand to Mg2+ ion of the accessory 
chlorophyll. Ultra fast spectroscopic measurement on N582Q shows a distinct absorption 
spectrum, which suggests that the accessory chlorophyll is involved in energy transfer in PS 
I. The Ao chlorophyll molecules interact with the surrounding protein environment in two 
prominent ways. First, the Mg2+ of chlorophyll a molecule is coordinated by S atoms of 
Methionine659 in PsaB or Methionine684 in PsaA. This mode of coordination is unique and 
could contribute to unusually low redox potential of Ao. Second, the keto oxygen of ring V 
of the Ao chlorophyll a molecule forms H-bonds with the hydroxyl oxygen of tyrosyl residue 
in PsaA and PsaB respectively. The mutation Y667F results in an absence of the hydrogen 
bond to the Ao chlorophyll a molecule, which causes a 3-nm shift in the AQ/AO" difference 
spectrum. Thus our mutational analysis demonstrated that the protein environment 
modulates the spectroscopic properties of P700, accessory chlorophyll, and Ao. The PS I 
proteins are responsible for the precise arrangement of cofactors and determine their 
spectroscopic properties. Change of the protein environment could alter the spectroscopic 
properties of the electron transfer cofactors. 
There exist two electron transfer chains in PS I. To determine whether the electron 
transfer in PS I is unidirectional or bidirectional, four amino acid replacements in 
phylloquinone binding sites were generated; two mutants W668F and S663C on the PsaB 
sides, the other equivalent two W693F and S688C on the PsaA side. Transient EPR 
measurements on those mutants demonstrated that the mutations in PsaA influenced the EPR 
spectral changes associated with Ai, but the mutations in psaB had no effect on these 
changes. In contrast, when the redox state of A[ was examined using optical spectroscopy 
mutations in both psaA and psaB were found to influence the electron transfer kinetics 
through Ai. This controversy might be due to the different conditions or different time scales 
used in these experiments. The transient electron paramagnetic resonance technique cannot 
detect kinetic events at less than 50 ns time scale, thus detecting changes only in the 
phylloquinone bound to PsaA. These results revealed the functional importance of two 
branches of electron transfer. The electron transfer kinetics from P700 to At for the 
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phylloquinone binding sites on both PsaA and PsaB sides will be investigated in the future. 
Similar to the results on P700, accessory chlorophylls and Ao, the photoaccumulated EPR 
results demonstrated that spectroscopic property of At is determined by its surrounding 
protein environments. 
Photosystem I is a pigment-binding protein complex. Proteins precisely modulate the 
position, orientation and property of each cofactor, thus the approximate 100 cofactors could 
function in a coordinate way since energy and electron transfer rates are very sensitive to 
those parameters. 
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APPENDIX A. OXIDIZING SIDE OF THE CYANOBACTERIAL 
PHOTSYSTEM I: EVIDENCE FOR INTERACTION BETWEEN THE 
ELECTRON DONOR PROTEINS AND A LUMENAL SURFACE HELIX 
OF THE PsaB SUBUNIT 
A paper published in Journal of Biological Chemistry-1 
Jun Sun, Wu Xu, Manuel Hervâs, José A. Navarro, Miguel A. De La Rosa, and Parag R. 
Chitnis 
Summary 
Photosystem I (PSI) interacts with plastocyanin or cytochrome c6 on the lumenal side. 
To identify sites of interaction between plastocyanin/cytochrome c6 and the PSI core, site-
directed mutations were generated in the lumenal J loop of PsaB protein from Synechocystis 
sp. PCC 6803. The eight mutant strains differed in their photoautotrophic growth. Western 
blotting with subunit-specific antibodies indicated that the mutations affected the PSI level in 
the thylakoid membranes. PSI proteins could not be detected in the S600R/G60IC/N602I, 
N609K/S610C/T61II, or M614I/G615C/W616A mutant membranes. The other mutant 
strains contained different levels of PSI proteins. Among the mutant strains that contained 
PSI proteins, the H595C/L596I, Q627H/L628C/I629S, and N638C/N639S mutants showed 
similar levels of PSI-mediated electron transfer activity when either cytochrome c„ or an 
artificial electron donor was used. In contrast, cytochrome c6 could not function as an 
electron donor to the W622C/A623R mutant, even though the PSI activity mediated by an 
artificial electron donor was detected in this mutant. Thus, the W622C/A623R mutation 
affected the interaction of the PSI complex with cytochrome c„. Biotin-maleimide 
modification of the mutant PSI complexes indicated that the H595, W622, L628, Y632, and 
N638 residues in the wild type PsaB maybe exposed on the surface of PSI complex. The 
results presented here demonstrate the role of an extramembrane loop of a PSI core protein in 
the interaction with soluble electron donor proteins. 
1 Reprinted with permission of Journal of Biological Chemistry, 274,19048-19054, (1999) 
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APPENDIX B. ELECTRONIC SPECTRA OF PS I MUTANTS: THE 
PERIPHERAL SUBUNITS DO NOT BIND RED CHLOROPHYLLS IN 
SYNECHOCYSTIS SP. PCC 6803 
A paper published in Biophysical Journal' 
Victor Soukoulis, Sergei Savikhin, Wu Xu, Parag R. Chitnis, and Walter S. Struve 
ABSTRACT 
Steady-state fluorescence and absorption spectra have been obtained in the Qy 
spectral region (690-780 nm and 600-750 nm, respectively) for several subunit-deficient 
photosystem I mutants from the cyanobacterium Synechocystis sp. PCC 6803. The 77 K 
fluorescence spectra of the wild-type and subunit-deficient mutant photosystem I particles 
are all very similar, peaking at -720 nm with essentially the same excitation spectrum. 
Because emission from far-red chlorophylls absorbing near 708 nm dominates low-
temperature fluorescence in Synechocystis sp., these pigments are not coordinated to any the 
subunits PsaF, Psa I, PsaJ, PsaK, PsaL, or psaM. The room temperature (wild-type-mutant) 
absorption difference spectra for trimeric mutants lacking the PsaF/J, PsaK, and PsaM 
subunits suggest that these mutants are deficient in core antenna chlorophylls (Chls) 
absorbing near 685,670, 675, and 700 nm, respectively. The absorption difference spectrum 
for the PsaF/J/I/L-deficient photosystem I complexes at 5 K reveals considerably more 
structure than the room-temperature spectrum. The integrated absorbance difference spectra 
(when normalized to the total PS I Qy spectral area) are comparable to the fractions of Chls 
bound by the respective (groups of) subunits, according to the 4-Â density map of PS I from 
Synechococcus elongatus. The spectrum of the monomelic PsaL-deficient mutant suggests 
that this subunit may bind pigments absorbing near 700 nm. 
1 Reprinted with permission of Biophysical Journal, 76,2711-2715, (1999) 
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APPENDIX C. ULTRAFAST PRIMARY PROCESSES IN 
PHOTOSYSTEM I OF THE CYANOBACTERIUM SYNECHOCYSTIS 
SP. PCC 6803 
A paper published in Biophysical Journal1 
Sergei Savikhin, Wu Xu, Victor Soukoulis, Parag R. Chitnis, and Walter S. Struve 
ABSTRACT 
Ultrafast primary processes in the trimeric photosystem I core antenna-reaction center 
complex of the cyanobacterium Synechocystis sp. PCC 6803 have been examined in pump-
probe experiments with -100 fs resolution. A global analysis of two-color profiles, excited at 
660 nm and probed at 5 nm intervals from 650 to 730 nm, reveals 430 fs kinetics for spectral 
equilibration among bulk antenna chlorophylls. At least two lifetime components (2.0 and 
6.5 ps in our analysis) are required to describe equilibration of bulk chlorophylls with far red-
absorbing chlorophylls (>700 nm). Trapping at P700 occurs with 24-ps kinetics. The 
multiphasic bulk <-> red equilibration kinetics areintriguing, because prior steady-state 
spectral studies have suggested that the core antenna in Synechocystis sp. contains only one 
red-absorbing chlorophyll species (C708). The disperse kinetics may arise from 
inhomogeneous broadening in C708. The one-color optical anisotropy at 680 nm (near the 
red edge of the bulk antenna) decays with 590 fs kinetics; the corresponding anisotropy at 
710 nm shows -3.1 ps kinetics. The latter may signal equilibration among symmetry-
equivalent red chlorophylls, bound to different monomers within trimeric photosystem I. 
1 Reprinted with permission of Biophysical Journal, 76,3278-3288, (1999) 
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APPENDIX 0. ULTRAFAST PRIMARY PROCESSES IN PS I FROM 
SYNECHOCYSTIS SP. PCC6803: ROLES OF P700 AND A0 
A paper published in Biophysical Journal1 
Sergei Savikhin, Wu Xu, Parag R. Chitnis, and Walter S. Struve 
ABSTRACT 
The excitation transport and trapping kinetics of core antenna-reaction center 
complexes from photosystem I of wild-type Synechocystis sp. PCC 6803 were investigated 
under annihilation-free conditions in complexes with open and closed reaction centers. For 
closed reaction centers, the long-component decay-associated spectrum (DAS) from global 
analysis of absorption difference spectra excited at 660 nm is essentially flat (maximum 
amplitude <10"5 absorbance units). For open reaction centers, the long-time spectrum (which 
exhibits photobleaching maxima at -680 and 700 nm, and an absorbance feature near 690 
nm) resembles one previously attributed to (P700+ - P700). For photosystem I complexes 
excited at 660 nm with open reaction centers, the equilibration between the bulk antenna and 
far-red chlorophylls absorbing at wavelengths >700 nm is well described by a single DAS 
component with lifetime 2.3 ps. For closed reaction centers, two DAS components (2.0 and 
6.5 ps) are required to fit the kinetics. The overall trapping time at P700 (-24 ps) is very 
nearly the same in either case. Our results support a scenario in which the time constant for 
the P700 -» A„ electron transfer is 9-10 ps, whereas the kinetics of the subsequent Aq -> A, 
electron transfer are still unknown. 
1 Reprinted with permission of Biophysical Journal. 79.1573-1586, (2000) 
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APPENDIX E. KINETICS OF CHARGE SEPARATION AND A0 -> A1 
ELECTRON TRANSFER IN PHOTOSYSTEM I REACTION CENTERS 
A paper published in Biochemistry' 
Sergei Savikhin, Wu Xu, Peter Martinsson, Parag R. Chitnis, and Walter S. Struve 
ABSTRACT 
The charge separation P700'Ay -> E>700>Ao" and the subsequent electron transfer from 
the primary to secondary electron acceptor have been studied by subtracting absorption 
difference profiles for cyanobacterial photosystem I (PS I) complexes with open and closed 
reaction centers. Samples were excited at 660 nm, which lies toward the blue edge of the core 
antenna absorption spectrum. The resulting PS I kinetics were analyzed in terms of the 
relevant P700, P700\ and A@" absorption spectra. In our kinetic model, the radical pair 
P700+A<," forms with 1.3 ps rise kinetics after creation of electronically excited P700". The 
formation of A," via electron transfer from Ao" requires -13 ps. The kinetics of the latter step 
are appreciably faster than previously estimated by other groups (20-50 ps). 
1 Reprinted with permission of Biophysical Journal, 79,1573-1586, (2000) 
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APPENDIX F. TABLES OF MUTAGENESIS STUDY OF PsaA AND 
PsaB SUBUNITS 
Table 1. The Phylloquinone Binding Pocket Mutants of PsaB 
Name Mutation Sites 
461 Y667A/W668A 
WX3 W664A 
WX3/461 W664A/Y667A/W668A 
WX4 W668A 
WX5 Y667A/W664A 
VVX6 W664AAV668A 
WX10 E670A 
WX11 R665A 
VVX14 W664F 
WX15 W668F 
WX16 S663C 
WX17 Q669N 
WX18 E670D 
Table 2. The Phylloquinone Binding Pocket Mutants of PsaA 
Name Mutation Sites 
WX41 W693F 
WX42 R690A 
VVX41AVX42 R690A/W693F 
WX48 S688C 
WX49 Q694N 
WX50 E695D 
Table 3./-Helix Mutants of PsaB 
Name Mutation Sites 
His H651C/L652M 
022 F649C/G650I 
023 F647C 
024 W645C 
025 W643C/A644I 
026 S641C/V642I 
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Table 4. The Revertants of PsaB 
Name Mutation Sites 
WX9-9 H651Q 
022-1 F649C/G650T 
023-1 F647Y 
Table 5. P700, Accessory and Putative Connecting Chlorophyll Mutants in 
PsaB 
Name Mutation Sites 
WX7 H651C 
WX8 H651F 
WX9 H651L 
WX31 H709N 
WX32 N582Q 
WX33 H525N 
WX34 H430N 
BMI M580K 
Table 6. Accessory and Connecting Chlorophyll Mutants in PsaA 
Name Mutation Sites 
WX43 N600A 
WX47 H450S 
WX51 H730F 
Table 7. Partial Homodimmer Mutant of PsaA and PsaB 
Name Mutation Sites 
AB12 122 AA of PsaB was replaced by 129 AA of PsaA 
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Table 8. Cysteine Spin-Label Mutants 
Name Mutation sites in PsaB 
BVC V700C 
BAC A696C 
BWC W677C 
BEC1 E673C 
BLC L671C 
BEC2 E670C 
Name Mutation sites in PsaA 
AIC 1721C 
AAC A717C—Failed 
AWC W702C 
AEC E698C 
ALC L696C 
AEC2 E695C 
Table 9. Ao mutants in PsaA and PsaB 
Name Mutation Sites in PsaB 
460 Y667A 
WX13 Y667F 
BMC M659C 
BML M659L 
BMN M659N 
Name Mutation Sites in PsaA 
AMC M684C 
AML M684L 
AMN M684N 
Table 10. Ai putative additional hydrogen bond mutants in PsaA and PsaB 
Name Mutation Sites in PsaB 
BFY F660Y 
BFH F660H 
Name Mutation Sites in PsaA 
AFY F685Y 
AFH F685H 
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